Factor F390: a novel signal transduction system in methanogenic bacteria by Vermeij, P.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/146077
 
 
 
Please be advised that this information was generated on 2018-07-07 and may be subject to
change.


Factor F390 
A novel signal transduction system 
in methanogenic bacteria 
Paul Vermeij 

Factor F 
A novel signal transduction system 
in methanogenic bacteria 
Een wetenschappelijke proeve op het gebied van de Natuurwetenschappen 
PROEFSCHRIFT 
ter verkrijging van de graad van doctor 
aan de Katholieke Universiteit Nijmegen, 
volgens besluit van het College van Decanen 
in het openbaar te verdedigen op 
maandag 27 november 1995, des namiddags te 1.30 uur precies 
door 
Paul Vermeij 
geboren op 12 juli te Amersfoort 
Promotor : Prof. dr. ir. G.D. Vogels 
Co-promotor : Dr J.T. Keltjens 
Voor Annemanjn en Fredériqué 

Contents 
Chapter 1 General Introduction 
Chapter 2 Purification and characterization of factor F 1 9 0 synthetase from 
Methanobacterium thermoaulotrophicum (strain ΔΗ) 
27 
Chapter 3 Factor F1 Q 0 synthetase from Methanobacterium 
thermoautotrophicum strain Marburg belongs to the 
superfanuly of adenylate-forming enzymes 
41 
Chapter 4 Purification and properties of factor F 1 9 0 hydrolase from 
Methanobacterium thermoautotrophicum (strain ΔΗ) 
55 
Chapter 5 Changes in the cellular levels of coenzyme F420-denvatives 
and 5,10-methenyltetrahydromethanopterin during batch and 
continuous growth of from Methanobacterium thermoau­
totrophicum strain ΔΗ 
69 
Chapter 6 Enzyme content and methane formation by from Methanobac­
terium thermoautotrophicum (strain ΔΗ) during growth in a 
fed-batch fermentor under various hydrogen regimes 
85 
Chapter 7 Differential expression of methanogenic enzymes during 
growth of from Methanobacterium thermoautotrophicum 
(strain ΔΗ) in a chemostat 
99 
References 
Summary 
Samenvatting 
Dankwoord 
Curriculum vitae 
Publications 
113 
127 
131 
135 
137 
138 

Chapter 1 
General introduction 

General introduction 
METHANOGENESIS AND GLOBAL 
CARBON CYCLE 
Methanogenic bacteria are 
obligatory anaerobic microorganisms 
involved in the terminal step of the process 
of anaerobic decomposition of organic 
matter. Organic material is degraded in 
four consecutive phases. Large molecular 
weight substances, such as polysaccharides, 
fats and proteins, are hydrolyzed to 
monomers which subsequently are 
fermented to various products like formate, 
acetate, propionate, butyrate, lactate and 
alcohols. Hereafter, proton reducing 
organisms oxidize most of these products 
to acetate and carbon dioxide, with protons 
as electron sink. These are the substrates 
for methanogenic bacteria. The 
methanogenic bacteria are essential in the 
anaerobic digestion of organic matter. 
Since they remove hydrogen from the 
e n v i r o n m e n t , t h e r m o d y n a m i c a l l y 
unfavourable oxidative reactions are 
allowed to proceed (Bryant et al., 1967). In 
this way about 5 % of the carbon fixed by 
photosynthesis is converted to atmospheric 
methane. Eventually, methane is oxidized 
to carbon dioxide which becomes available 
for photosynthesis (Vogels, 1979). 
METHANOGENIC BACTERIA 
All living organisms can be divided 
into three primary kingdoms, Eucarya, 
Eubacteria and Archaea. The methanogens 
belong, together with the extreme 
halophiles and the extreme thermophiles, to 
the Archaea. Archaea can be separated 
from Eucarya and the Eubacteria on the 
basis of a number of specific properties. 
The membranes contain lipids consisting of 
ether-linked isoprenoids, such as phytanol 
and C40 poly-isoprenoids (Langworthy et 
al., 1982; Sehgal et al., 1962). In addition, 
the cell wall does not contain murein 
(peptidoglycan; Kandier, 1982). Archaeal 
cell walls are composed of proteins, 
glycoproteins or polysaccharides (Kandier 
and Hippe, 1977; Kandier and König, 
1978; König and Kandier, 1979). Due to 
the lack of murein archaea are resistant to 
antibiotics which intervene in cell wall 
synthesis like vancomycin and penicillin 
(Hilpert et al., 1981; Zillig et al., 1982b). 
Furthermore, Archaea contain DNA-
dependent RNA-polymerases which are 
insensitive to the antibiotics rifampicin and 
streptolydigin which completely inhibit 
eubacterial RNA-polymerases (Zillig et al., 
1982a, 1985). Besides these unique 
properties, Archaea share some properties 
with Eubacteria at one hand and Eucarya at 
the other. For instance, the major element 
which detemiines transcription initiation in 
methanogens is an eucaryal-like TATA-box 
(Thomm and Wich, 1988; Zillig et al., 
1988; Brown et al., 1989). In contrast, 
most methanogenic t ranscr ipt ion 
terminators seem to be similar to the rho-
independent bacterial terminators in which 
transcription terminates following an 
inverted repeat sequence that presumably 
forms a stem-loop structure in the 
transcript to direct termination (Moller et 
al., 1985; Weil et al., 1989). 
Morphologically, methanogens 
occur as rods, cocci, packets of cocci 
(sarcina), filaments and spirilla. On the 
basis of rRNA sequence comparison (Balch 
et al., 1979; Whitman, 1985), cell wall 
chemical analysis (Kandier, 1982) and 
immunological cross-reactivities (Macario 
and Conway de Macario, 1985), they were 
divided over three main orders, the 
Methanobacteriales, the Methanococcales 
and the Methanomicrobiales (Boone and 
Mah, 1989). Later the methylotrophic and 
aceticlastic methanogens were separated 
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from the Methanomicrobiales to form the 
Methanosarcinales (Rouvière el al., 1991). 
In addition, a novel organism was 
discovered and placed in a new order, 
Methanopyrales (Burggraf et al., 1991). 
Until now more than 65 species have been 
isolated in pure cultures. 
Whithin the Archaea, methanogenic 
bacteria are a metabolically distinct, yet 
diverse group. The common property of 
methanogens is their capability to make 
methane. Therefore, methanogens use an 
uniqe set of coenzymes, that either are 
absent or only scarcely encountered in 
other microorganisms (Wolfe, 1985). As 
mentioned above, growth of methanogens 
is limited to a number of C,-compounds 
and acetate. The common substrate is 
H2/C02 and most species are able to grow 
on this substrate. Exceptions are 
Methanothrix spp., which metabolize only 
aceta te (Huser et al . , 1982), 
Methanosphaera stadtmaniae, which 
reduces methanol with H2 (Miller and 
Wolin, 1985), and obligate methylotrophs, 
like Methanolobus tindarius, which only 
uses methylamine and methanol (König 
and Stetter, 1982). About half of the 
species is able to grow on formate. The 
genus Methanosarcina contains the most 
versatile methanogens, which are able to 
use H 2 /C0 2 , acetate , methanol , 
methylamines and CO (Boone et al., 1993). 
Recently, new methanogens were isolated, 
which were able to convert some novel 
substrates: methylsulfide, dimethylsulfide, 
pyruvate and secondary alcohols (Bock et 
al., 1994; Oremland et al., 1989; Widdel et 
al., 1988). The secondary alcohols are, 
however, only used as electron donors. 
Although methanogens are 
restricted to a small group of substrates, 
they exhibit extreme habitat diversity, 
lending them a cosmopolitan status. In 
almost every place were anaerobic 
biodégradation of organic material occurs, 
methanogens are present, such as 
freshwater and marine sediments, anaerobic 
waste digesters and intestinal tract of 
animals, insects and protozoa (Derikx et 
al., 1989; Jones et al., 1983a; Miller and 
Wolin, 1986; Smith and Hungate, 1958; 
Van Bruggen et al., 1986; Zeikus and 
Wolfe, 1972). But also in more extreme 
environments methanogens have been 
found, including glacier ice, frozen lakes, 
geothermal springs and deep-sea thermal 
vents (Bemer et al., 1975; Franzmann et 
al., 1992; Huber et al., 1982, 1989; Jones 
et al., 1983b, 1989; Stetter et al., 1981). 
The organism studied in this thesis 
is Methanobacterium thermoautotrophicum, 
a thermophilic chemolithoautotroph, solely 
growing on H2/C02 without the need of 
growth factors (Zeikus and Wolfe, 1972). 
Analysis of 16S rRNA sequences indicated 
that the branching of Methanobacterium 
thermoautotrophicum a n d 
Methanobacterium wolfet from the 
mesophilic species is sufficiently deep, that 
these thermophilic species should be 
separated into a new genus. It was 
proposed to transfer them to 
Methanothermobacter gen. nov., with 
Methanothermobacter thermoautotrophicus 
comb. nov. (= M. thermoautotrophicum) as 
the first and Methanothermobacter wolfei 
comb. nov. as the second species (Boone et 
al., 1993). However, in this thesis the old 
name was used. 
T H E B I O C H E M I S T R Y O F 
METHANOGENESIS 
The process of methanogenesis has 
been studied quite extensively and the 
studies revealed a common pathway in the 
conversion of the different substrates, 
which have been described in a number of 
12 
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Fig. 1. Pathway of methanogenesis from hydrogen and C0 2 in M. thermoautotrophicum. Isoenzymes 
or functionally equivalent enzymes catalyzing the same step are printed in bold letters. Methanogenic 
coenzymes: MFR, methanofuran; H4MPT, tetrahydro-methanopterin; CoM, coenzyme M (2-mercap-
tethanesulfonate); H-S-HTP, У -7-mercaptoheptanoyl-L-threonine phosphate; CoM-S-S-HTP, 
heterodisulfide of CoM and HS-HTP; F42(„ coenzyme F42(l (7,8-didemethyl-8-hydroxy-5-deazariboflavin-
5'-phosphoryllactylglutamylglutamate); F420H2, reduced coenzyme F4 2 0 (dihydro-coenzyme F420). 
Enzymes: FDH, formyl-methanofuran dehydrogenase; FT, formyl-methanofuran: H4MPT formyl 
tranferase; CH, 5,10-methenyl-H4MPT cyclohydrolase; F420-MDH, coenzyme F420-dependent 5,10-
methylene-H4MPT dehydrogenase; H2-MDH, H2-utilyzing 5,10-methylene-H4MPT dehydrogenase, MR, 
5,10-methylene-H4MPT reductase; MT, methyl-H4MPT: methyl-S-CoM methyl tranferase; MCR 
methyl-coenzyme M reductase; MVH, methyl viologen reducing hydrogenase; FRH, coenzyme F420-
reducing hydrogenase. 
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reviews (Ferry, 1992, 1993; Keltjens and 
van der Drift, 1986; Keltjens and Vogels, 
1993; Keltjens et al., 1990; Thauer, 1990; 
Thauer et al., 1993; Weiss and Thauer, 
1993; Wolfe, 1991, 1992). Since M 
thermoautotrophicum uses hydrogen and 
carbon dioxide, methanogenesis from these 
two substrates to methane will be 
discussed here (Fig. 1). 
The reduction of C0 2 to CH4 
proceeds via coenzyme-bound C,-
ìntermediates. Methanofuran (MFR), 
tetrahydromethanopterin (H4MPT) and 
coenzyme M (HS-CoM) are the three C,-
unit carriers found in all methanogens 
analyzed in this respect (DiMarco et al., 
1990; Keltjens et al., 1990; Wolfe, 1991). 
The reduction of C0 2 with H2 to methane 
also involves several electron carriers. 
Coenzyme F420 (Eirich et al., 1978) and N-
7-mercap tohep tanoy l -O-phospho-L-
threonine (HS-HTP) (Kobelt et al., 1987 ; 
Noll et al., 1986) are two coenzymes for 
which such a function have been 
ascertained. Certain methanogens also 
contain ferredoxin (Hatchikian et al., 1982; 
Moura et al., 1982; Terlesky and Ferry, 
1988), a polyferredoxin with 12 [4Fe-4S] 
clusters (Heddench et al., 1992) and other 
iron-sulfur proteins (Rogers et al., 1988) of 
still unknown function. 
Activation of molecular hydrogen 
Molecular hydrogen is a substrate 
in four of the seven steps of 
methanogenesis (Fig. 1 ). For the activation 
of H2 the organisms contain in general two 
types of nickel and iron containing 
hydrogenases: a coenzyme F420-reducing 
hydrogenase (FRH; Jacobson et al., 1982) 
and coenzyme F4 2 0-non-reducing 
hydrogenase (Graf and Thauer, 1981). The 
physiological electron acceptor of the latter 
enzyme is is still not known. In the 
l i t e r a t u r e t h i s e n z y m e i s 
also referred to as the methylviologen-
reducing hydrogenase (MVH), which is, 
however, misleading since both 
hydrogenases can catalyze the reduction of 
viologen dyes as artificial one-electron 
acceptors. The transcriptional unit for 
MVH, mvhDGAB, has been cloned and 
sequenced from several methanogens 
(Halboth and Klein, 1992; Reeve et al., 
1989; Steigerwald et al., 1990). The 
putative operon encodes for the three 
subunits of the hydrogenase and a 
polyferredoxin. The polyferredoxin is only 
slowly reduced by the MVH in the 
presence of H2 and it is therefore 
questionable whether this iron-sulfur 
protein is the physiological electron 
acceptor of the MVH (Hedderich et al., 
1992). Recently it was found that the 
operon encoding for the MVH is located 
directly upstream of the operon encoding 
for one of the methyl coenzyme M 
reductase isoenzymes, namely MCR II 
(Steigerwald et al., 1993). MCR catalyzes 
the final step of methanogenesis. Gene 
mapping on the chromosome of M. 
thermoautotrophicum strain Marburg 
revealed that the genes encoding for the 
FRH, frhADBG, (Alex et al., 1990; 
Halboth and Klein, 1992) are located on a 
20 kb segment of the chromosome that 
also harbours the operon that encodes for 
methyl coenzyme M reductase I (MCR I), 
the second isoenzyme which catalyzes the 
terminal in the methanogenesis, and the/rr 
gene, encoding the formyl-methanofuran 
transferase (Stettler and Leisinger, 1992). 
MVH is probably involved in the catalysis 
of the first and the last reaction of 
methanogenesis (Fig. 1). This is mainly 
deduced from the finding that in vitro 
these two reactions are not dependent on 
coenzyme F420. 
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Reduction of carbon dioxide to formyl-
methanofuran 
In the first step of methanogenesis 
C0 2 is reduced to the formyl level and 
bound to the first of the C,-unit carriers, 
methanofuran (MFR). The reaction is 
endergonic and the free energy change is 
estimated to be +16 kJ/mol (Keltjens and 
van der Drift, 1986). The reduction of C0 2 
to N-formyl-MFR is catalyzed by the 
formyl-MFR dehydrogenase. The enzyme, 
which is rapidly inactivated in the presence 
of air, has been purified from M 
thermoautotrophicum (Borner et al., 1991), 
from Methanosarcina barken (Karrasch et 
al., 1989) and from M. wolfei (Schmitz et 
al., 1992b). Recently it was found that M. 
wolfei contains two formyl-MFR 
dehydrogenases, which can be separated by 
anion exchange chromatography. The first 
enzyme was a molybdenum protein and is 
preferentially formed when the growth 
medium contains molybdenum. The second 
formyl-MFR dehydrogenase is a tungsten 
protein and is only formed when the 
growth medium contains tungsten (Schmitz 
et al., 1992a, 1992b, 1992c). A second 
formyl-MFR dehydrogenase has also been 
found in M. thermoautotrophicum (Bertram 
et al., 1994). From the N-terminal amino 
acid sequence of the large subunit of both 
enzymes it was concluded that one has to 
deal with two isoenzymes, rather than two 
independently evolved proteins. The 
molybdenum protein is only synthesized 
when molybdenum was available during 
growth whereas the tungsten isoenzyme 
was also generated during growth on 
molybdate medium. Under the latter 
conditions the tungsten isoenzyme was 
synthesized containing molybdenum rather 
than tungsten. 
Formyl group transfer from 
formylmethanofuran to H4MPT 
F o r m y l - M F R : H 4 M P T 
formyltransferase catalyzes the formation 
of Ws-formyl-H4MPT from formyl-MFR 
and H4MPT in the second step of the 
methanogenesis (Donnelly and Wolfe, 
1986). The formyltransferase has been 
purified from M. thermoautotrophicum 
(Donnelly and Wolfe, 1986), M barken 
(Breitung and Thauer, 1990) and 
Methanopyrus kandleri (Breitung et al., 
1992) and was found to be oxygen-stable. 
The activity of the purified enzymes was 
stimulated by the addition of phosphate 
and sulfate salts. The difference in 
stimulation of formyltransferase by these 
salts correlated with the difference in the 
cellular concentrations of cyclic 2,3-
diphosphoglycerate in the organisms from 
which the enzyme was purified (Breitung 
et al., 1992). 
Conversion of formyl-H4MPT to 
methenyl-H4MPT 
In the third step of the 
methanogenesis, /V5,Nl0-methenyl-H4MPT 
cyclohydrolase catalyzes the revesible 
hydrolysis of /v^-formyl-b^MPT into 
/v-\N'°-metheny]-H4MPT (Donnelly et al., 
1985). The oxygen-insensitive enzyme has 
b e e n p u r i f i e d f r o m M . 
thermoautotrophicum (DiMarco et al., 
1986), M barkeri (te Bròmmelstroet et al., 
1990a) and M. kandiert (Breitung et al., 
1991). Here also, the catalytic efficiencies 
and thermostabilities were found to 
increase upon addition of salts in a 
correlation with the cellular concentration 
of cyclic 2,3-diphosphoglycerate of the 
respective methanogen (Breitung et al., 
1991). 
15 
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Reduction of methenyl-H4MPT to 
methylene-H4MPT 
The next step involves the reduction 
of N5-W,0-methenyl-H4MPT to N5-Nia-
methylene-H4MPT. All methanogens 
analyzed in this respect contain a 
coenzyme F420-dependent methylene-
H4MPT dehydrogenase (F420-MDH), which 
catalyzes this reversible reaction with 
reduced coenzyme F420 as electron donor 
(Schworer and Thauer, 1991 ). The reaction 
is also catalyzed by the H2-forming 
methylene-H4MPT dehydrogenase (H2-
MDH), which is present in most 
methanogens, except those belonging to the 
order Methanomicrobiales. The enzyme 
uses H2 instead of reduced coenzyme F420. 
The H2-MDH has been purified from M. 
thermoautotrophicum and M wolfei 
(Zimgibl et al., 1992) and proved to be 
rapidly inactivated in the presence of 
oxygen. The F420-MDH, which is oxygen 
stable, has been purified from M. 
thermoautotrophicum (Mukhopadhyay and 
Daniels, 1989; te Bròmmelstroet et al., 
1991a) and M. barkeri (Enssle et al., 1991; 
te Bròmmelstroet et al., 1991b). 
Reduction of methylene-H4MPT to 
methyl-H4MPT 
W5-/V l 0-methylene-H4MPT is 
reduced in the fifth step of the 
methanogenesis to N5-methyl-H4MPT. The 
reaction is catalyzed by the F420-dependent 
methylene-H4MPT reductase. Until now 
there are no indications that methanogens 
also harbour a H2-dependent methyl-
H4MPT reductase, comparable with 
methylene-H4MPT dehydrogenases. The 
enzyme has been purified from M. 
thermoautotrophicum strain ΔΗ (te 
Bròmmelstroet et al., 1990b), strain 
Marburg (Ma and Thauer, 1990a and b), 
M. barken (Ma and Thauer, 1990c; te 
Bròmmelstroet et al., 1991b) and M 
kandiert (Ma et al., 1991). All the enzymes 
were insensitive to oxygen. 
The methyl-group transfer from methyl-
H4MPT to coenzyme M 
The last H4MPT-dependent reaction 
in the methanogenesis from H2 and C0 2 is 
the transfer of the methyl group from rf-
methyl-H4MPT to coenzyme M (HS-CoM), 
yielding H4MPT and methyl-coenzyme M 
(CH rS-CoM). This reaction is catalyzed 
by the /v^-methyl-I-^MPT: coenzyme M 
methyltransferase. Methyl-group transfer 
from methyl-H4MPT to HS-CoM proceeds 
in two steps: in the first step the methyl 
group from methyl-H4MPT is transferred to 
a corrinoid protein of which its central 
cobalt atom is in the superreduced state 
[Co(I)]; in the second step this methyl 
group is further transferred to HS-CoM 
(Kengen et al., 1988, 1990, 1992; Poirot et 
al., 1987). The methyltranferase has to be 
brought into its active form by an ATP-
dependent reductive activation. The 
activation may proceed analogously to the 
activation of methyltransferase I (MT,) in 
methanol grown M. barken, which is 
catalyzed by a separate methyltransferase 
activating protein (Daas et al., 1993). An 
enzyme complex catalyzing the overall 
reaction was isolated from the membrane 
fraction of M thermoautotrophicum strain 
Marburg (Gärtner et al., 1993). The 
complex is composed of seven different 
subunits of apparent molecular mass of 
12.5 kDa, 13.5 kDa, 21 kDa, 23 kDa, 24 
kDa, 28 kDa and 34 kDa. The 23 kDa 
polypeptide is the corrinoid-binding 
subunit. Immunogold-labeling experiments 
revealed that the corrinoid-containing 
enzyme was detectable at the cytoplasmatic 
face of membrane and vesicle preparations 
(Stupperich et al., 1993). The free energy 
16 
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change associated with the methyl transfer 
reaction is estimated to be -29.7 kJ 
(Keltjens and van der Drift, 1986), which 
allows a energy conservation by a 
chemiosmotic mechanism (Müller et al., 
1993). The finding that the methyl-H4MPT: 
coenzyme M methyltransferase is an 
integral membrane protein complex 
supports this proposal. Indeed, experiments 
performed with inverted membrane 
vesicles of Methanosarcina mazei strain 
Göl, conclusively showed that the 
formation of CH-,-S-CoM from methyl-
H4MPT, was coupled with an electrogenic 
transport of sodium ions (Becher et al., 
1992a, 1992b). 
Methyl-coenzyme M reduction to 
methane 
The previous steps of the 
methanogenesis, reduction of C0 2 with H, 
to CH rS-CoM, proceeds through a series 
of steps for which an analogy may be 
found in non-methanogenic bacteria. The 
final step of the methanogenesis is a 
reaction unique to methanogens. The 
reaction involves three novel coenzymes: 
HS-CoM, HS-HTP and factor F410. In this 
terminal step of the methanogenesis, CH,-
S-CoM is reduced to methane (CH4) with 
H2. There are at least three enzymes or 
enzyme complexes involved in this step. 
The first is the methyl coenzyme M 
reductase (MCR), which catalyzes the 
reduction of methyl coenzyme M with HS-
HTP as the electron donor, yielding CH4 
and the heterodisulfide of HS-CoM and 
HS-HTP (CoM-S-S-HTP) (Bobik et 
al.,1987; EUermann et al., 1988). The 
second enzyme involved is the 
heterodisulfide reductase (HDR), which 
reduces the CoM-S-S-HTP to HS-CoM and 
HS-HTP with an unknown electron donor 
(Hedderich and Thauer, 1988). The third 
enzyme is a hydrogenase (Hedderich et al., 
1989). In all methanogens, which grow on 
H2/C02 this is the F420-non-reducing 
hydrogenase (Setzke et al., 1994). In 
obligate methylotrophic methanogens 
coenzyme F420 may be an intermediate 
electron carrier (Deppenmeier et al., 
1990a). In fact, in Methanosarcina strains 
a coenzyme F420-dependent as well as a 
coenzyme F420-independent heterodisulfide 
reductase system is present (Deppenmeier, 
et al., 1990a, 1990b, 1992; Heiden et al., 
1993). It has been proposed that a fourth 
enzyme, an oxidoreductase, is involved in 
the electron transport between the electron 
acceptor of the F420-non-reducing 
hydrogenase and the proposed electron 
donor of the HDR (Muller et al., 1993; 
Thauer et al., 1993). 
Methyl coenzyme M reductase 
The methane-forming reaction, 
catalyzed by the MCR, is probably the 
rate-limiting step in the methanogenesis. 
The specific activity of MCR, determined 
in cell extracts of several methanogens, is 
much lower than that of the other catabolic 
enzymes of the methane-forming pathway 
(Schworer and Thauer, 1991). The MCR 
concentration in methanogens is relatively 
high. It can constitute more than 10% of 
the cellular protein (Rouvière et al., 1988). 
MCR has been purified from M. 
thermoautotrophicum strain ΔΗ (Ellefson 
and Wolfe, 198 l;HartzelI and Wolfe, 1986) 
and strain Marburg (Ankel-Fuchs and 
Thauer, 1986; Ellerman et al., 1988, 1989), 
from M. barkeri (Hoppert and Mayer, 
1990; Moura et al., 1983), Methanosarcina 
thermophila (Jablonski and Ferry, 1991), 
Methanothrix soehngenii (Jetten et al., 
1990), M. kandiert (Rospert et al., 1991) 
and Methanococcus voltae (Konheiser et 
al., 1984). MCR is a yellow enzyme with 
a molecular mass of approximately 300 
17 
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kDa It is composed of three different 
subunits in an ο^2Ίι arrangement and 
contains two mol of tightly, but not 
covalently bound, coenzyme F 4 1 0 as a 
chromophoric prosthetic group (Ellefson 
and Wolfe, 1981) Coenzyme F 4 1 0 is a 
yellow nickel porphinoid of unique 
structure (Farber et a l , 1991, Pfaltz et a l , 
1982) and properties (Friedmann et al , 
1991, Jaun, 1993, Krone et a l , 1989) 
Upon cell breakage the majority of the 
MCR is recovered in the soluble cell 
fraction Immunogold labelling studies 
revealed that in the intact cells the enzyme 
is preferentially localized at the inner 
aspect of the cytoplasmatic membrane, 
although this is not evident in all 
preparations (Aldnch et al, 1987, 
Bonacker et al, 1993 .Ossrner et al, 1986) 
In M barken (strain Gol) the enzyme 
appears to be part of a larger protein 
complex, designated methanoreductosome 
(Hoppert and Mayer, 1990, Mayer et a l , 
1988), which is associated with the 
cytoplasmatic membrane The genes coding 
for the three subunits of MCR have been 
cloned and sequenced from five different 
methanogenic bacteria (Allmansberger et 
a l , 1987, Weil et a l , 1989) Both at DNA 
and protein levels, the sequences showed 
strong similarities, the degree of similarity 
reflecting the phylogenetic distance of the 
investigated methanogens (Jones et al , 
1987, Rouviere and Wolfe, 1987) In all of 
these organisms the three genes were found 
to comprise a single transcriptional unit, 
which additionally contains two open 
reading frames encoding two small 
polypeptides, each with a molecular mass 
of approximately 20 kDa The two 
polypeptides, which can be detected in cell 
extract (Sherf and Reeve, 1990), appear to 
be absent in purified active MCR 
preparations (Ellermann et al , 1989, 
Rospert et a l , 1991) Sedimentation of 
Methanococcus vannielu lysates through 
sucrose gradients, followed by analysis of 
the fractions by Western blotting and 
immunoprecipitation, demonstrated that 
both polypeptides might be associated with 
the MCR under anaerobic conditions 
(Stroup and Reeve, 1993a, 1993b) 
Recently it has been discovered that M 
thermoautotrophicum and M wolfei 
contain two isoenzymes of MCR, 
designated MCR I and MCR II (Rospert et 
a l , 1990, Bonacker et a l , 1992) Non-
limiting substrate-energy supply, alkaline 
pH and low temperature favoured the 
expression of MCR II, whereas limiting 
substrate-energy supply and high 
temperatures favoured the expression of 
MCR I (Bonacker et al, 1992) The two 
isoenzymes did have the same cellular 
location, the same EPR properties and 
catalytic mechanism They differed, 
however, somewhat in their catalytic 
properties, MCR I exhibited a lower K
m 
and lower V
mdX then MCR II (Bonacker et 
a l , 1993) 
Η eter (¡disulfide reductase 
HDR catalyzes the reduction of 
CoM-S-S-HTP with reduced viologen dye 
as electron donor and the oxidation of HS-
CoM and HS-HTP to CoM-S-S-HTP with 
methylene blue as electron acceptor 
(Heddench et al , 1989) The physiological 
donor of the reduction is not known The 
enzyme has been purified from M 
thermoautotrophicum strain Marburg 
(Heiden et a l , 1993) and M barken 
(Deppenmeier et al , 1992, Heiden et al , 
1994, Setzke et a l , 1994) The enzymes 
were arranged in H2 heterodisulfide 
oxidoreductase complexes consisting of 
FJ2(1 non-reducing hydrogenase and the 
HDR These complexes from M 
thermoautotrophicum and M barken differ 
in two important aspects the complex 
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from M thermoautotrophicum is only 
loosely associated with the cytoplasmic 
membrane and is devoid of a cytochrome, 
whereas the complex from M barken is 
tightly membrane bound and contains a 
cytochrome b (Heiden et al, 1993, Setzke 
et a l , 1994) In Μ barken and M 
tindarius a coenzyme F420-dependent HDR 
was found (Deppenmeier et a l , 1990a, 
1990b) However, a HDR, which uses 
coenzyme F 4 2 0 as a electron carrier has not 
been purified, as yet The genes encoding 
for the three subunits of the H2-dependent 
HDR from M thermoautotrophicum have 
been cloned and sequenced (Heddench et 
a l , 1994) From the primary structure it 
was deduced that the large subunit 
harbours the active site and contains an 
FAD and four [4Fe-4S] clusters The small 
subunit contains four [4Fe-4S] clusters and 
may function as an electron earner The 
middle subunit might function as a 
membrane anchor and could play a role in 
energy transduction From these data it was 
proposed that the electron carriers which 
transfer the electrons from the hydrogenase 
to the HDR are not separate entities but 
subunits of the hydrogenase and HDR 
(Thauer et a l , 1993) This is supported by 
a recent finding that a cytochrome b, 
which was located in the cell membrane of 
acetate-grown M barken, was reduced by 
hydrogen and oxidized by a membrane-
bound HDR (Kemner and Zeikus, 1994) 
Moreover, DNA encompassing the 
structural genes of two membrane bound 
coenzyme F420-nonreactive hydrogenases 
(MVH) from M mazei, formed part of two 
opérons, both containing one additional 
open reading frame which codes for a 
cytochrome b (Deppenmeier et a l , 1995) 
The reduction of CoM-S-S-HTP 
with H2 showing a free energy change of -
40 kJ (Keltjens and van der Drift, 1986) is 
the second energy-conserving step in the 
metabolism of methanogens This step is 
coupled with the generation of an 
electrochemical proton potential as was 
established by studies with vesicle 
preperations of M mazei strain Gol (Blaut 
et al , 1992, Deppenmeier et a l , 1991, 
Peinemann et a l , 1990) 
RPG Effect 
A particular intriguing phenomenon, 
c o n n e c t e d w i th t h e u l t i m a t e 
methylreductase step and the primary C0 2 
reduction, is the RPG effect (Gunsalus and 
Wolfe, 1977) The effect denotes the 
transient 30-fold stimulation of the C0 2 
reduction by the addition of CH,-S-CoM to 
c e l l - f r e e e x t r a c t o f M 
thermoautotrophicum a n d 
Methanobactenum bryantu (Gunsalus and 
Wolfe, 1977, Romesser and Wolfe, 1982) 
Later it was shown that the effect was 
caused by CoM-S-S-HTP or compounds 
which generate CoM-S-S-HTP (Bobik and 
Wolfe, 1989, Keltjens and van der Drift, 
1986) A second group of RPG effectors, 
pyruvate, 2-ketoglutarate and oxaloacetate, 
consists of compounds that upon oxidation 
provide low-potential electrons (Keltjens 
and van der Drift, 1986) In additon, CoM-
S-S-HTP could be replaced by the artificial 
l o w - p o t e n t i a l e l e c t r o n d o n o r 
titanium(III)citrate For these reasons, a 
low-potential electron carrier was 
suggested to be involved in the activation 
of the reduction of C0 2 with H2 to 
formylmethanofuran by CoM-S-S-HTP 
(Bobik and Wolfe, 1989) Although direct 
experimental evidence for the energetic 
coupling of the last and the first step of the 
methanogenesis from C0 2 and H2 in cell 
extracts is not available, a chemiosmotic 
coupling, in which inverted vesicles are 
indispensable, is suggested as an 
alternative explanation for the low-
potential electron carrier hypothesis 
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(Thaueret al., 1993). 
COENZYME F„20 
Coenzyme F 4 2 0 was initially recognized in 
cell extracts of Methanobacterium strain 
M.o.H. as a yellow, blue-green fluorescent 
coumpound (Cheeseman et al., 1972). The 
compound was first named factor-420 
because of the strong absorption maximum 
at 420 nm The first indications that 
coenzyme F 4 2 0 is an electron carrier came 
from experiments with cell extracts from 
Methanobrevibacter ruminantium grown on 
formate. In these cell extracts coenzyme 
F 4 2 0 was shown to participate in NADPH 
mediated reductions as two-electron carrier 
(Tzeng et al., 1975a, 1975b). The structure 
of coenzyme F 4 2 0 was elucidated in 1978 
and the chromophore was identified as 7,8-
didemethyl-8-hydroxy-5-deazariboflavin-5'-
phosphoryllactylglutamyl-glutamate (Fig. 2; 
Eirich et al., 1978). The number of 
glutamyl residues may vary between 2 and 
5 depending on the methanogenic species 
(Gorris et al., 1988; Van Beelen et a l , 
1983), growth conditions and substrate use 
(Heine-Dobbernack et al., 1988; Kern et 
al., 1983; Peck, 1989). Hydrogenotrophic 
methanogens generally contain coenzyme 
F 4 2 0 with two glutamate residues (F420-2) in 
the side chain, whereas in methylotrophic 
methanogens coenzyme F 4 2 0 with four or 
five glutamate (F420-4 and F420-5) residues 
is present (Gorris and van der Drift, 1986). 
Another deazaflavin derivative, designated 
F0, has been found in methanogens. It 
l a c k s t h e e x t e n d e d 
phosphoryllactylglutamyl-glutamate side 
chain. Until now no experimental evidence 
is available, whether F 0 is a biosynthetic 
precursor of coenzyme F 4 2 0 or is the result 
of coenzyme F 4 2 0 degradation (Eisenreich 
et al., 1991; Kern et al., 1983; Peck, 1989; 
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Fig. 2. Structures of coenzyme F 4 2 0 (A), 
coenzyme F390-A (B) and coenzyme F39()-G (C) 
(Eirich et al., 1978; Hausinger et al., 1985). 
White and Zhou, 1993). Deazaflavins have 
also been found in several other microbial 
species such as Streptomyces strains, 
cyanobacteria, Mycobacterium species and 
non-methanogenic Archaea, in which they 
act in quite specific reactions in the 
biosynthesis of tetracycline and serve as a 
cofactor of DNA photolyase (Daniels et al., 
1985; De Wit and Eker, 1987; Eker, 1983; 
Eker et al., 1980; Lin and White, 1986; 
McCormick and Morton, 1982; Möller-
Zinkhan et a l , (1989). 
Flavocoenzymes can participate in 
one- and two-electron redox steps. 
Deazaflavins, however, are limited to two-
electron transfer reactions and can in this 
respect be considered as functional analogs 
of pyridine nucleotides (Jacobson and 
Walsh, 1984). The reported midpoint 
potential, E0'= -360 mV, is consistent with 
the predominant role of coenzyme F420 as 
central low-potential electron carrier (Gloss 
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and Hausinger, 1987; Walsh, 1986). Apart 
from a role as redox carrier in 
hydrogenases (Hartzeil et al., 1985; 
Jacobson et al., 1982; Jin et al., 1983; 
Tzeng et al, 1975b), methylene-H4MPT 
dehydrogenase and methylene-H4MPT 
reductase, mentioned above, coenzyme F420 
functions as such for a number of 
enzymes, including formate dehydrogenase 
(Jones and Stadtman, 1980; Schauer and 
Ferry, 1982), NADP+ reductase (Yamazaki 
and Tsai, 1980; Zeikus et al., 1977), 
glutamate synthetase (Kenealy et al., 1982: 
Raemakers-Franken et al., 1991a), 
pyruvate- and 2-oxoketoglutarate 
dehydrogenase (Zeikus et al., 1977). 
Coenzyme F420 also proved to be the active 
inhibitory component of methanogenic 
extracts on the proliferation of MOLT-4 
human malignant T-lymphoblasts and 
d ihydrofo la te reductase act ivi ty 
(Raemakers-Franken et al., 1991b). In 
contrast to extracts of hydrogentrophs the 
extracts of the methylotroph M. barkeri 
had no inhibitory effect. 
Coenzyme F420 may participate also 
in other types of metabolism in 
methanogens. The compound is the 
chromophore of the DNA photorepair 
system of M. thermoautotrophicum (Kiener 
et al., 1985). Another peculiar observation 
concerns the conversion of coenzyme F420 
to a chromophore with an absorption 
maximum at 390 nm, designated factor
 190. 
FACTOR F3,0 
Schönheit et al. (1981) observed 
that coenzyme F420 disappeared when 
freshly harvested cells of M. 
thermoautotrophicum were exposed to 
oxygen. It was subsequently found that 
under these conditions coenzyme F420 was 
not degraded, but converted into its 8-
h y d r o x y a d e n y ly 1 a t e d a n d 8-
hydroxyguanylylated derivatives, factor 
F390-A and factor F390-G (factor F390; 
Hausinger et al., 1985; Fig. 2). 
Investigations with growing cells showed 
that coenzyme F420 conversion into factor 
F190 was a reversible process. When the 
cells were exposed to oxygen they formed 
factor F390, which was reconverted into 
coenzyme F420 when anaerobic conditions 
were reestablished (Kiener et al ., 1988). 
The factor F190 compounds were found to 
be redox-active, having a midpoint 
potential of -325 mV (Gloss and 
Hausinger, 1987). 
Experiments with cell-free extracts 
of M. thermoautotrophicum strain ΔΗ 
showed that the formation and degradation 
of factor F 3 9 0 were catalyzed by two 
separate enzymes: factor F 3 9 0 synthetase 
and factor F 3 9 0 hydrolase (Kengen et al., 
1989, 1991a). It was also shown that factor 
1 9 0 was reduced with H2 by the coenzyme 
F420-reducing hydrogenase, although the 
activty with factor F 3 9 0 was 40 times lower 
when compared to coenzyme F 4 2 0 (Kengen 
et al., 1991a). Factor F 3 9 0 synthetase 
reaction uses oxidized coenzyme F 4 2 0 and 
ATP as substrates and as reaction product 
inorganic pyrophosphate was formed. The 
reaction is a reversible one, since 
coenzyme F 4 2 0 and ATP could be 
synthesized from factor F 3 9 0 and PPi 
(Kengen et al., 1989). The factor F 3 9 0 
hydrolase reaction uses only oxidized 
factor F 1 9 0 , to yield coenzyme F 4 2 0 and 
AMP. The calculated standard-free energy 
change for hydrolysis is -48.5 kJ/mol 
(Kengen et al., 1989). This indicates that 
factor F 3 9 0 contains a quite energy-rich 
phosphodiester bond. 
Remarkably, the optimal conditions 
for hydrolysis were in several aspect 
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thiols 
Fig. 3. Reaction scheme for the 
interconversions of coenzyme F420 and factor 
F390, as performed by cell-free extracts of M. 
themoautotrophicum (Kengen et al., 1991). 
opposite to the optimal conditions required 
for synthesis of factor F390 (Fig. 3). 
Whereas a high ionic strength stimulated 
hydrolysis, synthesis was markedly 
inhibited under these conditions. 
Furthermore, both enzymes exhibited quite 
different pH optima; 6.1 for the synthetase 
and 8.2 for the hydrolase. Thirdly, the 
synthetase reaction was dependent on Mg2+ 
as counter ion for ATP, while factor
 390 
hydrolase required Mn2+ for activity. 
Finally, factor F390 synthesis required the 
presence of oxygen; hydrolysis proceeded 
only in complete absence of oxygen. For 
hydrolysis the presence of reducing agents 
like dithiotreitol was required, which might 
aid in the reduction of a thiol group of 
protein. Factor F390 synthesis was inhibited 
by the presence of thiols (Kengen et al., 
1991a). These observations suggested that 
the oxidation-reduction level of cell-free 
extract or of the cell, determined whether 
factor F390 synthesis or hydrolysis could 
occur. One would expect either one or both 
enzymes to be subject to some regulation, 
since uncontrolled synthesis and hydrolysis 
of factor F390 would give rise to futile 
consumption of ATP. The factor F390 
synthetase and factor F390 hydrolase have 
been partially purified (Kengen et al., 
1991b). Although both enzymes are 
oxygen-stable, severe losses in activity 
occurred upon aerobic purification, 
hampering a proper characterization of the 
enzymes. 
The cellular role of factor F390 is 
unknown, but a number of functions have 
been proposed (Gloss and Hausinger, 1988; 
Hausinger et al., 1985; Kiener et al., 1988; 
Kengen et al., 199la). It was assumed that 
it might act as an 'alarmone', inducing a 
metabolic shutdown in reaction to oxygen 
or other stress. However, stress situations 
other than oxygen exposure, such as 
treatment with heavy metals, inhibitors of 
the methanogenesis, chemicals and strong 
Oxidators were without effect (Gloss and 
Hausinger, 1988; Vermeij unpublished 
results). Factor F390 could be the substrate 
for some yet unknown (redox) reactions or, 
in a more trivial way, factor F390 could be 
an artefact of cell death. Alternatively, the 
capability to synthesize factor F390 could 
provide the organism with a defense 
mechanism against oxygen toxification by 
restricting deleterious interactions of 
reduced electron carriers with oxygen. 
However, no clear correlation is found 
between oxygen tolerance (Kiener and 
Leisinger, 1983) and the presence of factor 
F390. Moreover, the capability to synthesize 
factor F390 appeared to be restricted to a 
small number of Methanobacterium 
species. Recently it was proven that M. 
barken grown on acetate (strain MS and 
Fusaro) and methanol (strain MS) and 
Methanoplanus endosymbiosus grown on 
H2/C02 were able to synthesize factor F390 
(Van de Wijngaard et al., 1991; Vermeij 
unpublished results). The capability to 
synthesize factor F390 is now found in 
representatives of three out of five 
methanogenic orders and looks to become 
a common property amongst these 
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Archaea. It could be worthwhile 
reinvestigating the formation of factor F 1 9 0 
in methanogens earlier reported to be 
negative (Gloss and Hausinger, 1988) in 
this respect. 
EXPRESSION REGULATION OF 
METHANOGENIC ENZYMES 
G r o w t h s tud ies with M 
thermoautotrophicum in a batch fermenter 
demonstrated that there was a differential 
expession of the two MCR isoenzymes: 
MCR II was essentially expressed in the 
early exponential-growth phase, while 
MCR I was predominantly expressed in the 
subsequent stages of the growth, the linear-
growth phase and stationary phase 
(Bonacker et al., 1992). These results 
indicated that the differential expression of 
the MCR isoenzymes was influenced by 
the substrate-energy supply. MCR I was 
induced under conditions when the gas 
supply caused limitation of growth, i.e 
when the effective H2 (and C0 2 ) 
concentration for the cells had dropped to 
very low levels. Under these conditions 
MCR II was repressed. This was supported 
by the fact that MCR I and MCR II could 
be select ively expressed under 
differentiated conditions. Conditions 
favouring MCR I expression are 
characterized by hydrogen limitation due to 
the low gassing rate and the reduced 
solubility of the hydrogen gas at elevated 
growth temperature (70°C). In contrast, 
MCR II is preferentially expressed with a 
hydrogen excess situation, induced by high 
gassing rate and a relatively low growth 
temperature (55°C; Bonacker et al., 1992, 
1993; Thauer et al., 1993; Weiss and 
Thauer, 1993; Zinder, 1993). Just recently 
is was demonstrated the the differential 
expression of MCR I and MCR II was 
regulated at the level of transcription 
initiation (Pihl et al., 1994). 
The question now arises how the H2 
concentration is sensed and how this signal 
is tranferred into action. The concentration 
of available H2 could be directly reported 
by uptake hydrogenases, but it seems more 
likely that information on the substrate 
availability is transmitted intracellulary to 
the molecular systems regulating gene 
expression, notably by fluctuations in the 
concentration of a signal compound (Pihl 
et al., 1994). This signal compound could 
be the product of a hydrogenase like 
reduced coenzyme F420, methylene- H4MPT 
or the redox level of a [4Fe-4S] center. 
Alternatively, an uncharged C, carrier 
might accumulate somewhere along the 
methanogenesis pathway, reporting the 
shortage of reductant at an earlier step. 
Another possibility is that H2 limitation 
leads to the synthesis of a specific signal 
compound analogous to cyclic AMP in the 
lac system. One candidate might be factor 
ΓΊ90· 
As pointed out above, two 
additional reactions in the methanogenic 
route in M. thermoautotrophicum are 
catalyzed by isoenzymes or functionally 
equivalent enzymes, notably formyl-MFR 
synthesis and /v-\/v",0-methenyl-H4MPT 
reduction The latter reaction is catalyzed 
by H2-MDH, that directly uses hydrogen as 
the reductant. The apparent K
m
 of the H2-
MDH was determined to be 60% H2 (pH2 
= 6 χ 10" Pa) in the gas phase. This is 
very high considering that methanogens 
can thrive in vivo at hydrogen partial 
pressures as low as 10 Pa (Thauer, 1990). 
However, all methanogens possess F 4 2 0-
MDH as well, which together with the 
high affinity uptake hydrogenase (FRH) 
catalyzes the H2-dependent reduction of 
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methenyl-H 4MPT. It is therefore 
conceivable that the H2-MDH and the F 4 2 0-
MDH are operative when methanogens 
grow at high or low H2 partial pressures, 
respectively (Zimgibl et al., 1992). 
Two formyl-MFR dehydrogenase 
isoenzymes have been found in M. 
thermoautotrophicum and M. wolfei 
(Schmitz et al., 1992a, 1992b, 1992c). 
Formyl-methanofuran dehydrogenase I was 
shown to be a relative oxygen-stable 
molybdenum-containing enzyme and the 
extremely oxygen-sensitive isoenzyme II a 
tungsten-containing enzyme. The synthesis 
of the two isoenzymes seems to be to 
some extent under reciprocal control of the 
availability of tungsten and molydate and 
it enables the organism to grow in the 
specific presence of one of these metal 
ions (Schmitz et al., 1992a, 1992b, 1992c). 
However, no data are available to show 
that the expression of the isoenzymes is in 
some way connected to the changes in the 
substrate-energy supply. 
OUTLINE OF THIS THESIS 
Although quite some research has 
been done on factor F 3 9 0 formation and 
degradation, little is know about the 
physiological role the compound plays in 
methanogenic bacteria. As mentioned, 
factor F 3 9 0 is synthesized when cells or 
cell-free extract are brought under aerobic 
conditions. However until now no 
experimental data are available to 
substantiate a relationship between the 
oxygen-induced factor F 3 9 0 formation and 
the anaerobiosis-induced hydrolysis, and 
the function of factor F 3 9 0 . Our first aim 
was therefore to investigate the factor r e ­
converting enzymes and to get more 
insight in the way synthesis and hydrolysis 
of factor F 3 9 0 are regulated at the level of 
enzyme activities. 
In Chapter 2 the purification of 
factor F 3 9 0 synthetase from M. 
thermoautotrophicum strain ΔΗ is 
described. The subsequent characterization 
of the energetic reaction sheds new light 
on the regulation of the synthetase. The 
results will be discussed in relation to a 
possible role of the F 3 9 0 system. 
In the next Chapter the purification 
of the factor F 3 9 0 synthetase from M 
thermoautotrophicum strain Marburg is 
described. The characteristics of the 
enzyme are discussed in relation to the 
enzyme from ΔΗ. The subsequent cloning 
and sequencing of the enzyme are 
discussed against other ATP- and F 4 2 0-
utilizing enzymes. 
The purification of factor F 3 9 0 
hydrolase from M thermoautotrophicum 
strain Marburg is described in Chapter 4. 
The data obtained from the enzyme 
characterization will be discussed in 
relation to the findings of the previous 
chapter and also with respect to data 
obtained with the enzyme from strain ΔΗ 
from the same species and a scheme is 
presented which is showing the 
i n t e r c o n n e c t i o n b e t w e e n t h e 
methanogenesis and factor F 3 9 0 system. 
To investigate the m vivo role for 
factor F 3 9 0, M. thermoautotrophicum was 
cultured in the fed-batch fermentor and in 
a chemostat under various hydrogen 
regimes. Coenzyme levels were analyzed 
by h i g h - p e r f o r m a n c e l i q u i d 
chromatography. The results obtained from 
samples taken from the batch fermenter 
and continuous culture are described in 
Chapter 5. 
Cells grown under the different 
hydrogen regimes were also analyzed for 
the content of a number of methanogenic 
enzymes and for the in vivo methane 
production. In Chapter 6 the results of the 
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studies with the fed-batch fermentors are 
described. The results are discussed in 
relation to the changing H2 availability 
during different growth phases. 
In Chapter 7 the results are 
described obtained with cells sampled from 
the continuous cultures and which were 
analyzed like in Chapter 6. The expression 
of the two methylcoenzyme M reductase 
isoenzymes and the two forms of the 
methylene-H4MPT dehydrogenases will be 
discussed in relation to the H2 availability 
for the cells and coenzyme content of the 
cells. 
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Chapter 2 
Purification and characterization of factor F 3 9 0 synthetase 
from Methanobacterium thermoautotrophicum (strain ΔΗ) 
Paul Vermeij, Frank J.M. Broers, Frank J.M. Detmers, 
Jan T. Keltjens and Chris van der Drift 
European Journal of biochemistry 226: 185-191 

Factor F390 synthetase from M thermoautotrophicum (stram AH) 
ABSTRACT 
Factor F 3 9 0 synthetase catalyzes the formation of 8-hydroxyadenylylated-coenzyme 
F 4 2 0 (factor F390-A from coenzyme F 4 2 0 and ATP in some methanogenic Archaea Coen­
zyme F 3 9 0 was found when these organisms were exposed to oxygen To get more insight 
in the defined function of factor F 3 9 0, the factor F 3 9 0 synthetase from Methanobacterium 
thermoautrophicum was purified from cell-free extract and its catalytic properties were 
determined The synthetase was purified 150-fold to a specific activity of 0 45 μπιοί min 
' mg protein' The enzyme consisted of one polypeptide of approximately 51 kDa The 
isolated enzyme showed a tendency to aggregate into dimers and tetramere upon 
concentration Co-elution during purification of GTP-dependent factor F 3 9 0 synthetase 
activity suggested that the synthetase is capable of 8-hydroxyguanylylated-coenzyme F 4 2 0 
(factor F3 9 0-G formation as well 
Initial-velocity measurements of the two substrate reaction showed that the enzyme 
kinetics for the factor F 3 9 0 synthetase reaction proceeded by a ternary-complex mechanism 
The factor F 3 9 0 synthetase displayed a Km for coenzyme F 4 2 0 of 39 μ M and a Km for ATP 
of 1 7 mM 
In contrast to the enzyme in cell-free extract, the isolated enzyme was active under 
aerobic and anaerobic conditions Treatment with air was not required to obtain the 
enzyme in an active form However, 1,5-dihydro-coenzyme F 4 2 0 (coenzyme F4 2 0H2) 
appeared to be a potent competitive inhibitor (K= 3μΜ) with respect to coenzyme F 4 2 0 
The latter findings may explain why the enzyme as yet could only be detected in crude 
extracts that had been exposed to air treatment with air causes the oxidation of reduced 
coenzyme F 4 2 0 present in anaerobic extracts The results of the study are discussed in view 
of the proposed role for factor F 3 9 0 in methanogenic metabolism 
INTRODUCTION 
T h e o b l i g a t e l y a n a e r o b i c 
methanogenic Archaea typically contain 
high concentrations of the blue 
fluorescent 7,8-didemethyl-8-hydroxy-5-
deazaflavin derivative coenzyme F 4 2 0 
(Fig 1) In the metabolism of these 
organisms the compound, which can be 
regarded as a functional analogon of 
nicotinamide cofactors like NAD(P) 
(Jacobson and Walsh, 1984), takes a 
central position as the electron carrier in 
the methanogenic pathway and in a 
number of biosynthetic reactions 
(Keltjens and van der Drift, 1986, Wolfe, 
1991, Ferry, 1992) Moreover, the 
compound is the chromophore of the 
photoreactivating enzyme in Metha­
nobacterium thermoautotrophicum 
(Kiener et a l , 1985) 
Schönheit et al (1981) made the 
interesting observation that coenzyme F420 
apparently disappeared when cells of M 
thermoautotrophicum were treated with 
air It was subsequently found that under 
these conditions coenzyme F420 was 
converted into its 8-hydroxyadenylylated 
and 8-hydroxyguanylylated derivatives, 
factor F190-A and factor F190-G (factor 
F390), termed after the characteristic 
absorbance maximum at 390 nm (Fig 1) 
(Hausinger et a l , 1985) Investigations 
with growing cells indicated that coenzy-
me F420 conversion into factor F390 is a 
reversible process factor F390 formed by 
the cells after exposure to air was recon-
verted into coenzyme F420 when anoxic 
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Fig. 1. Structures of coenzyme F4 2 0 (A), 
factor F390-A (B) and factor F390-G (C) 
(Eirich et al., 1978; Hausinger et al., 1985). 
conditions were reestablished (Kiener et 
al, 1988). Enzymic studies showed the 
presence of factor F390-A to be controlled 
by the antagonistic activities of two 
enzymes: factor F 3 9 0 synthetase, which 
catalyzes the ATP-dependent formation 
of factor F390-A from coenzyme F 4 2 0 , and 
factor F 3 9 0 hydrolase (Kengen et al., 
1989, 1991a, 1991b). The former was 
inactive in anaerobic cell-free extracts 
and activity was only found after 
treatment of the extracts with air (Kengen 
et al. 1989, 1991b; van de Wijngaard et 
al., 1991). In contrast, factor F 3 9 0 hydrola­
se, which cleaves the AMP residue from 
factor F 3 9 0 , required reducing conditions 
for activity. 
Uncertainty remains with respect 
to the role of factor F 3 9 0 in methanogenic 
metabolism and a number of functions 
have been proposed (Hausinger et al., 
1985; Gloss and Hausinger, 1988; Kiener 
et al., 1988; Kengen et al., 1991a). Factor 
F 3 9 0 synthesis could provide the orga­
nisms with a defending mechanism 
against oxygen toxification by restricting 
deleterious interactions of reduced 
electron carriers with oxygen. The 
capability to synthesize factor F3 9 ( ) 
appears to be restricted to some methan­
ogenic species (Gloss and Hausinger, 
1988; van de Wijngaard et al., 1991), but 
no clear correlation exists between 
oxygen tolerancy and the presence of 
factor F 3 9 0 (Kiener and Leisinger, 1983). 
Factor F 3 9 0 could be an alarmone for the 
presence of oxygen. And, in a more 
trivial way, factor F 3 9 0 could be an 
artefact caused by cell death or the 
compound could be a substrate for as yet 
unknown reactions. In order to find a 
defined function for factor F 3 9 0, we now 
purified factor F 3 9 0 synthetase from M. 
thermoautotrophicum and investigated the 
properties of the enzyme and the enzymic 
reaction in relation to the role of oxygen. 
MATERIALS AND METHODS 
Materials 
Coenzyme F 4 2 0 was purified from 
M. thermoautotrophicum essentially as 
described before (Eirich et al., 1978), 
except that a Bonded Phase-Octadecyl 
column was used to obtain pure and salt-
free preparations (te Brömmelstroet et al., 
1990). 
1 ,5 -Dihydro-coenzyme F4 2 0 
(coenzyme F420H2) was synthesized by 
adding 100 μΐ of anaerobic coenzyme-
free cell extract to 500 μΐ 1.2 mM 
coenzyme F 4 2 0 . After 1 hour incubation 
under H2 at 65°C in a shake incubator, 
more than 95% of coenzyme F 4 2 0 was in 
the reduced form. The reaction was stop-
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ped by precipitating the proteins with 100 
μΐ anaerobic 70% ethanol. The mixture 
was anaerobically centrifugea at 12,000 χ 
g (4°C, 20 min). The supernatant, which 
contained the coenzyme F^20H2, was 
collected and stored at -20°C under H2. 
Procion Red HE-3B (ICI) column 
material was a gift of Dr. J. Visser, 
Department of Molecular Genetics, 
University of Wageningen (Wageningen, 
The Netherlands). The dye was 
immobilized (0.3 g dye/25 g Sepharose 
CL-6B) as documented before (Atkinson 
et al., 1982). TSK-Butyl 650(S) was 
purchased from Merck. Bonded Phase-
Octadecyl column material was from J.T. 
Baker. Centriprep YM-10 concentrators 
were from Amicon. ATP was purchased 
from Boehringer Mannheim. Gasses were 
supplied by Hoek-Loos (Schiedam, The 
Netherlands) and freed from traces of 
oxygen by passage over a BASF RO-20 
catalyst at room temperature (H2 
containing gasses), or a prereduced BASF 
R3-11 catalyst at 150°C (N2). The 
catalysts were a gift of BASF. All other 
chemicals were purchased from Sigma 
Chemical Co. or Merck and were of 
analytical grade. 
Organism and preparation of cell 
extract 
M. thermoautotrophicum ΔΗ 
(DSM 1053) was cultured on a defined 
mineral medium (Schönheit et al., 1979) 
in a 300-liter fermentor under H2-C02 
atmosphere (80%-20%) as described 
previously (van Beelen et al., 1983). 
Cells were harvested before the entry of 
the stationary growth phase and stored at 
-70°C under N2. Anaerobic cell extracts 
were prepared by suspending cells ( 1 : 1 , 
mass/vol) in anoxic 50 mM TES/K+ 
buffer (pH 7.0) containing 10 μg·ml ' 
RNase and 10 pg-ml"' DNase and subse­
quently passing the suspension under N2 
atmosphere through a French pressure 
cell at 138 mPa. Cell debris were remo­
ved by anoxic centrifugation at 27,000 χ 
g (4°C, 45 min). The supernatant, 
referred to as cell extract, which 
contained 20 to 35 mg protein ml ', was 
stored at -20°C under N2. 
Enzyme assays 
Factor F 1 9 0 synthetase was 
routinely assayed in a 1-ml cuvette under 
air by simultaneously following the 
change in absorbance at 340 nm and 420 
nm at 55°C on a Hewlett-Packard 8452 
Diode Array spectrophotometer connec­
ted to a Hewlett-Packard Vectra ES/12 
computer as published before (Kengen et 
al., 1989). A standard assay mixture (750 
μΐ) contained 100 mM potassium phosp­
hate (pH 6.4), 1.6 mM ATP, 16 mM 
MgCl2, and 25 to 50 μΐ enzyme fraction. 
The reaction was initiated by the addition 
of 35 μΜ coenzyme F 4 2 0 . Further additi­
ons or omissions were as described in the 
text. The decrease of the absorption at 
420 nm was used for rate calculation, 
using the molar absorption coefficients 
for coenzyme F 4 2 0 (ε420=21.8 т М ' - с т ' ) 
and factor F 1 9 0 (6420=6.6 m M ' c m ' ) 
(Kengen et al., 1989; Purwantini et al., 
1992). Coenzyme F 4 2 0 -dependent 
hydrogenase activity was assayed, after 
reactivation of the enzyme preparation, 
by the reduction of coenzyme F 4 2 0 as 
described before (Fox et al., 1987). 
Protein concentrations of the enzyme 
samples were determined with Bio-Rad 
protein reagent (Bio-Rad Laboratories) 
with bovine serum albumin as a standard. 
Enzyme purification 
Unless mentioned otherwise, 
factor F 1 9 0 synthetase was purified under 
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air at 20°C All buffers were prepared in 
Milh-Q water (Millipore) Cell extract 
(10 ml) was loaded onto a Procion Red 
HE-3B dye affinity chromatography 
column (10 by 6 0 cm, flow rate 0 5 
ml/min) equilibrated in 10 mM potassium 
phosphate buffer (pH 6 4, buffer A) The 
column was developed by washing with 
the equilibration buffer (50 ml), subse­
quent elution with 250 mM KCl (30 ml) 
and 1 M KCl (30 ml), both in buffer A 
Factor Ρ,,ο synthetase activity was eluted 
with 1 M KCl Active fractions from two 
separate Procion Red HE-3B columns 
were combined (18 ml) and loaded onto 
a TSK-Butyl 650(S) column (10 by 6 0 
cm, flow rate 0 5 ml/min) equilibrated in 
buffer A containing 1 M KCl The 
column was first washed with 17 ml 
buffer A containing 1 M KCl and deve­
loped with a linear gradient (48 ml) of 1 
to 0 M KCl in buffer A, subsequent 
elution with 15 ml buffer A and a final 
linear gradient (45 ml) from buffer A to 
Milli-Q Factor F 3 9 0 synthetase activity 
was eluted at 3 mM potassium phosp­
hate Active fractions were pooled, 
concentrated to 1 2 ml on an Amicon Ce-
ntnprep YM-10 concentrator and stored 
at -20°C until use 
A n a l y t i c a l P o l y a c r y l a m i d e gel 
electrophoresis 
Denaturing SDS-PAGE, native 
PAGE and Coomassie Brilliant Blue 
staining were performed using the Phast-
system (Pharmacia) as described by the 
manufacturer Silver staining was 
performed in a Petri dish using Bio-Rad 
silver staining kit (Bio-Rad Laboratories) 
Factor F 3 9 0 synthetase activity staining 
was done by incubating a native-PAGE 
gel in a reaction mixture containing 100 
mM potassium phosphate (pH 6 4), 16 
mM ATP, 16 mM MgCl2, 25 μ M 
coenzyme F 4 2 0 at 60°C for 30 min Factor 
F 1 9 0 synthetase was detected by 
inspection of the gel under long-wave 
(366 nm) ultraviolet light The presence 
of enzyme is revealed by the quenching 
of the coenzyme F 4 2 0 fluorescence due to 
formation of (the non-fluorescent) factor 
F 3 9 0 For the determination of the subunit 
molecular mass of the denatured protein 
by SDS-PAGE, the following standards 
were used bovine serum albumin (66 
kDa), chicken egg albumin (45 kDa), 
pepsin (34 7 kDa), trypsinogen (24 kDa), 
ß-lactalbumin (18 4 kDa) and lysozyme 
(14 3 kDa) For native-PAGE, urease 
(hexamer 545 kDa, tri mer 277 kDa), 
bovine serum albumin (dimer 132 kDa, 
monomer 66 kDa), chicken egg albumin 
(45 kDa), carbonic anhydrase (29 kDa) 
and a-lactalbumin (14 2 kDa) served as 
molecular standards 
RESULTS 
Purification and properties of factor 
F , v o s y n t h e t a s e f r o m M. 
thermoautotrophicum 
Purification of factor F390 
synthetase was routinely performed under 
air at 20°C The synthetase was purified 
150-fold m a final yield of 13 4% as 
summarized in Table 1, employing dye-
affinity chromatography on a Procion 
Red HE-3B column, subsequent hydrop-
hobic interaction chromatography on a 
TSK-Butyl column and concentration on 
an Amicon Centnprep YM-10 con-
centrator After the dye-affinity step no 
coenzyme F420-dependent hydrogenase 
activity could be detected in the factor 
F190 synthetase containing fractions 
During the TSK-Butyl step the 
synthetase was eluted at very low salt 
strength indicative of a hydrophobous 
nature of the enzyme After the latter 
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Step 
Cell extract 
Procion Red 
HE-3B 
TSK-Butyl 
650 (S) 
Centriprep 
YM-10 
Total 
protein 
(mg) 
624 
7.2 
2.4 
0.56 
Total 
activity 
(U) 
1.87 
0.50 
0.19 
0.25 
Specific 
activity 
(mU/mg) 
3 
70 
80 
450 
Factor 
(fold) 
1 
23 
27 
150 
Recovery 
(%) 
100 
26.8 
10 
13.4 
Table 1. Purification of factor F3 9 0 synthetase from M.thermoautotrophicum (strain ΔΗ). The 
purification started from 20 ml cell extract. Enzyme activity was determined as described under 
Materials and Methods. One unit (U) is the amount catalyzing the conversion of 1 pmol coenzyme 
F4 2 0 per min. 
A 
kDa 
66.0-
45.0-
34.7-
24.0-
18.4-
14.3-
• .
: 
"*** \ 
•• 
* 
С 
kDa 
272-
132-
66-
45-
14-
1 2 
K y i 
3 
Fig. 2. Analysis of the purified factor F3 9 0 synthetase by Polyacrylamide gel electrophoresis. (A) 
12.5% SDS-PAGE, Coomassie Brilliant Blue staining. 0.9 \xg of the purified factor ¥
m
 synthetase. 
(B) 20% Native PAGE, activity staining. 0.9 pg of the purified enzyme. (C) 20% Native PAGE, 
activity staining. Lane 1, 0.4 μ g of the purified factor F3 9 0 synthetase before concentrating; lane 2, 
0.9 μ g of purified factor F3 9 0 synthetase after concentrating and incubation for one hour at room 
temperature; lane 3, 30 pg cell-free extract. 
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step the preparation was still contamina 
ted with a high-molecular-weight (about 
800 kDa) protein The pertinent red 
(corrinoid-containing) protein, however, 
specifically bound to the concentrator 
membrane leaving at least 90% homo­
geneous factor F 3 9 0 synthetase in solution 
SDS-PAGE of the concentrated 
preparation showed a single band with an 
apparent molecular mass of 51 kDa (Fig 
2A) Native PAGE of the concentrated 
purified enzyme, followed by incubation 
in synthetase activity staining buffer and 
subsequent inspection of the gel under 
long-wave ultraviolet light, showed three 
active regions situated at about 50 kDa, 
100 kDa and 200 kDa (Fig 2B) When 
the concentrated purified enzyme was 
held at room temperature for more than 
one hour only a 200 kDa (Fig 2B) 
activity band could be detected In crude 
cell extracts and in diluted enzyme fracti­
ons only one activity band of about 50 
kDa was found (Fig 2C) From these 
findings it was concluded that factor F 3 9 0 
synthetase from M thermoautotrophicum 
is composed of a single polypeptide 
chain of 51 kDa The 100 and 200 kDa 
bands than will derive from dimers and 
tetramers obtained by concentration of 
the hydrophobous enzyme 
Substrate use and enzyme kinetics 
Factor F 3 9 0 synthetase activity was 
routinely tested with ATP as the substrate 
yielding factor F390-A as the product 
However, during the purification 
procedure outlined above a GTP-depen-
dent activity could be detected as well, 
that exactly co-eluted with the factor F 1 9 0-
A synthetase activity This suggests that 
the enzyme is capable of both factor F 3 9 0-
A and factor F390-G synthesis The factor 
F 3 9 0 synthetase reaction required Mg
2+
 as 
an additional substrate In the presence of 
1 6 mM ATP maximal activity was 
obtained with about 3 mM Mg2+ in 
agreement with a role for magnesium as 
the counter ion for ATP The ATP-
dependent reaction was studied in some 
more detail The steady state enzyme 
kinetics were investigated by measuring 
the initial velocities at various ATP and 
coenzyme F 4 2 0 concentrations The data 
points of the reciprocal reaction rates 
versus the reciprocal coenzyme F 4 2 0 
concentrations at different constant ATP 
concentrations could be fitted with non-
parallel straight lines intersecting the 
abscissa at one point on the left of the 
ordinate (Fig ЗА) From the intercept a 
K
m
 for coenzyme F 4 2 0 of 39 μΜ was 
obtained An intersecting pattern was also 
obtained, when the reciprocal velocities 
were plotted against the ATP concentra­
tion (Fig 3C) This gave a K
m
 for ATP 
of 1 7 mM Replots of the V
max
 values 
obtained from Figs ЗА and 3C versus 
the reciprocal concentration of ATP 
and of coenzyme F 4 2 0, respectively, again 
yielded straight lines (Figs 3B and 3D) 
From the respective intercepts with the 
abscissa, K
m
 values of 41 μΜ for coen­
zyme F 4 2 0 and 1 8 mM for ATP could be 
calculated in agreement with the above 
given data The patterns 
observed in the Lineweaver-Burk plots 
(Fig 3) are characteristic of a ternary 
complex kinetic mechanism This 
conclusion was supported by a analysis 
using the non-linear curve-fitting program 
developed by Perrella (1988) An optimal 
fit incorporating all data points within the 
95% confidence interval and giving the 
same kinetic constants as mentioned, was 
obtained with the ternary complex 
enzyme kinetic model From the Figs 3C 
and 3D a V
mjx of 0 65 μ mol min ' mg 
protein ' could be calculated which equals 
a kCII of 0 55 s ' for the 51 kDa protein 
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1/V (mg/U) 
2 0 - 0,6 глМ ATP 
0,8 mM ATP 
1,2 mM ATP 
1,6 mM ATP 
-30 -20 -10 10 20 30 40 50 
1/F420(1/mM) 
1/Vm a x(mg/U) 
10-, ® 
8 -
6 -
4 -
2 -
, / I I I I I 
-1,2-0,8-0,4 
1/V (mg/U) 
20 
\MV 420 
40 μΜ F 4 2 0 
80 μΜ F 4 2 0 
-1,2-0,8 0,4 0,8 1,2 1,6 2,0 
1/ATP(1/mM) 
0,4 0,8 1,2 1,6 2,0 
1/ATP(1/mM) 
1 / Vmax(mg/U) 
10-
-30 -20 -10 10 20 30 40 50 
1/F420(1/mM) 
Fig. 3. Kinetics of the factor F3 9 0 synthetase reaction. The assays were performed in the presence of 
14 pg purified enzyme. (A) Reciprocal velocities of the reactions are shown versus the reciprocal 
coenzyme F4 2 0 concentration in presence of ATP (mM) as indicated. (C) Reciprocal velocities are 
plotted as function of reciprocal ATP concentrations with coenzyme F4 2 0 (μΜ) as indicated. In (B) 
and (D) reciprocal plots of the apparent V
max
 values derived from (A) and (C) versus coenzyme 
F4 2 0 and ATP, respectively, are shown. 
Thus, factor F 3 9 0 synthetase, is not a 
very active enzyme. 
Effectors of the factor F390 synthetase 
reaction 
The activity of the factor F, 9 0 
synthetase was strongly inhibited by 
increasing salt concentrations. In the 
presence of 200 mM NaCl no activity 
could be found. KCl proved to be less 
inhibitory: when 200 mM was added 
30% of the activity was left. Previously, 
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Kengen et al. (1989) reported that factor 
F 3 9 0 synthetase activity could only be 
detected in cell extracts of M. 
thermoautotrophicum that had been pre-
exposed to air. We also did not find any 
activity, when the spectrophotometric 
assays with anaerobic extracts were 
performed under anoxic conditions. Upon 
admission of air, the reaction started after 
a lag phase of about 5 min. The lagging 
could be abolished when reducing agents, 
like dithiothreitol, were omitted from the 
buffer used for extract preparation. The 
aerobically purified enzyme was equally 
active under aerobic and anaerobic 
(ni trogen, hydrogen) condi t ions . 
Moreover, when the purification 
procedure starting from anaerobic cell 
extracts was performed in a glove box 
( 9 7 . 5 % n i t r o g e n / 2 . 5 % hydrogen 
atmosphere; 0 2 < 1 ppm), factor F 3 9 0 
synthetase eluted from the Procion Red 
HE-3B column was perfectly able to 
perform the reaction both under nitrogen 
and hydrogen atmosphere, even without 
pretreatment with air. Activities did not 
increase when the enzyme was 
subsequently assayed under aerobic 
conditions. Apparently, pre-exposure to 
oxygen or oxidative conditions is not 
required for an activation of the enzyme. 
Inhibition by 1,5-dihydro-coenzyme 
F 4 2 0 
In testing the substrate specificity, 
it was found by Kengen et al. (1989) that 
coenzyme F 4 2 0 H 2 did not serve as a 
substrate. In agreement herewith, we 
could not detect any spectral changes 
indicative of factor F 3 9 0 or reduced factor 
F 3 9 0 (Kengen et al., 1991a) synthesis, 
when coenzyme F 4 2 0H 2 and ATP were 
incubated under hydrogen atmosphere in 
the presence of cell-free extract (Fig. 4). 
Subsequent admission of air caused the 
ABSORBANCE 
300 350 400 450 500 
WAVELENGTH(nm ) 
Fig. 4. Coenzyme F42(l and 1,5-dihydro-
coenzyme F4 2 0 (coenzyme F420H2) conversions 
by cell-free extract of M. thermoautotrophi­
cum. Coenzyme F4 2 0 (51 μΜ) and ATP (1.6 
mM) were incubated in a stoppered 1-ml 
cuvette under hydrogen atmosphere in the 
presence of 1.5 mg cell-free extract. Under 
these conditions coenzyme F42() was reduced 
to coenzyme F420H2 within 1 min. When no 
further spectral changes occurred, the stopper 
was removed and the ultraviolet-visible light 
spectrum (300-500 nm) was measured every 
60 sec. In (A) the spectral changes are shown 
that took place during the first part of the 
reaction, viz. coenzyme F420H2 oxidation. In 
(B) the subsequent reaction, factor F3 9 0 
synthetase is shown. The spectral changes are 
indicated by arrows. 
instantaneous and (nearly) complete 
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oxidation of coenzyme F 4 2 0H 2 to 
coenzyme F 4 2 0 (Fig. 4A). Only hereafter, 
factor F 3 9 0 synthesis took off as conclu­
ded from the decrease in the absorbance 
band at 420 nm and the increase of the 
absorbancies around 390 nm and 340 nm 
(Fig. 4B). The observations could suggest 
that coenzyme F 4 2 0 H 2 not only is inactive 
as a substrate, but rather acts as an 
inhibitor of the synthetase reaction. We 
tested the hypothesis with the purified 
enzyme. Preliminary experiments, indeed, 
showed the reaction to be strongly 
inhibited by the addition of coenzyme 
F 4 2 0H 2. The inhibition was tested in so­
mewhat more detail by incubation of 
varying coenzyme F 4 2 0 concentrations 
with different fixed concentrations (0, 4, 
6, 9 μΜ) of coenzyme F 4 2 0H 2. 
Lineweaver-Burk plots of the reciprocal 
initial reaction rates versus the reciprocal 
coenzyme F 4 2 0 concentrations gave a 
pattern in agreement with a competitive 
inhibition of coenzyme F 4 2 0H 2 with 
respect to coenzyme F 4 2 0 (Fig. 5). From 
the data presented in the Figure a K¡ 
(coenzyme F420H2) of 3 μΜ could be 
calculated. 
DISCUSSION 
Factor F 3 9 0 synthetase from M. 
thermoautotrophicum was purified to 
apparent homogeneity in a simple three-
step procedure (Table 1). The first step 
involved dye-affinity chromatography of 
crude extract on a Procion Red HE-3B 
column. This type of dye is known for its 
binding properties for proteins that have 
affinity for ATP or NADP (Atkinson et 
al., 1982). Magnesium ions, present in 
the cell extract, were required for an 
appropriate binding of the synthetase: the 
enzyme passed through the column if 
1/V(mg/U) Δ/ 
20 π 7 9μΜ(Ρ4 2 0Η2) 
16- Δ / 
12 - / 6 μΜ (F420H2) 
8 - / /jS 4 μ Μ (F"20H2> 
•30 -20 -10 10 20 30 40 50 1/F420 ( 1/mM ) 
Fig. 5. Inhibition of the factor F3 9 0 synthetase 
by coenzyme F421)H2. Factor F3 9 0 synthesis 
was measured under nitrogen atmosphere in 
the presence of 1.6 mM ATP, 14 μg purified 
factor F 3 9 0 synthetase and various 
concentrations of coenzyme F42„ and coen­
zyme F42{)H2. Double reciprocal plots of the 
initial reaction rates versus coenzyme F4 2 0 
concentration at the indicated coenzyme 
F42(,H2 concentrations are given. 
desalted cell extract was applied, unless 1 
mM MgCl2 was added. In addition, good 
binding and separation properties were 
critically dependent on the amount of cell 
extract applied, elution rate and the 
temperature at which separation is 
performed. Apart from the purification 
factor obtained and the reasonable yield, 
which occasionally was even two- to 
threefold higher than given in the Table, 
the dye-affinity step had an important 
advantage: the step enabled the resolution 
of factor F 3 9 0 synthetase from coenzyme 
F420-dependent hydrogenase, the main 
contaminant in the previously described 
partial purification of the synthetase 
(Kengenet al., 1991b). 
Factor F 3 9 0 synthetase was isolated 
as a 51 kDa enzyme which tended to 
aggregate in concentrated solution into its 
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F 4 2 0 H 2 
390 
Fig. 6. Reaction scheme for the interconversion of coenzyme F42(, and factor F390. 
stimulation. 
inhibition; +, 
dimeric and tetrameric form. The enzyme 
catalyzed factor F390-A synthesis from 
coenzyme F 4 2 0 (Km= 40 μΜ) and ATP 
(K
m
= 1.7 mM) according to a ternary-
complex mechanism. Though we studied 
the reaction not in detail, the enzyme 
may also catalyze factor F390-G synthesis, 
since the ATP- and GTP-dependent 
activities co-purified. 
Factor F 3 9 0 synthesis by the 
purified enzyme proceeded under air as 
well as under nitrogen and hydrogen 
atmosphere. In addition, the synthetase 
appeared to be active when isolated 
under strictly anoxic conditions. 
Coenzyme F 4 2 0H 2, however, appeared to 
be a potent competitive inhibitor with 
respect to coenzyme F 4 2 0 . The latter 
finding may readily explain, why factor 
F 3 9 0 could only be detected in growing 
cells after exposure to oxygen (Kiener et 
al., 1988) and why factor F 3 9 0 synthetase 
activity could only be detected in cell 
extracts after exposure to air (Kengen et 
al., 1989; this paper). Coenzyme F 4 2 0H 2 
present in the cells and anaerobic cell 
extracts first has to be oxidized, notably 
by coenzyme F420-dependent hydrogenase, 
to allow the synthetase reaction to occur. 
I n c e l l s o f M . 
thermoautotrophicum and other 
methanogenic bacteria capable of factor 
F 3 9 0 formation (Gloss and Hausinger, 
1988; van de Wijngaard et al., 1991) the 
cellular concentration of factor F 3 9 0 is 
governed by the antagonistic activities of 
factor F 3 9 0 synthetase and factor F 3 9 0 
hydrolase (Kengen et al., 1991a) (Fig. 6). 
Both enzymes behave in a number of 
fashions in opposite ways. The synthetase 
reaction is dependent on Mg2+ ions as the 
counter ion of ATP. The reaction 
proceeds optimally at pH 6, at low salt 
concentration and it is stimulated in 
phosphate buffer (Kengen et al., 1989, 
1991a, 1991b). In contrast, factor F 3 9 0 
hydrolase requires Mn2+, whereas optimal 
activity is found at pH 8.2 and at high 
salt concentration; phosphate is 
inhibitory. More interestingly, the 
hydrolase is only active under anaerobic 
conditions and reducing agents like dithi-
othreitol strongly stimulate the enzyme 
activity. Factor F 3 9 0 synthetase activity, 
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then, is regulated by the ratio between 
coenzyme F420 and coenzyme F420H2. The 
ratio will be high if cell metabolism 
occurs under hydrogen-limited conditions 
(and, of course, after exposure to air). 
From this it may be predicted that factor 
F390 should also be present in anaerobic 
whole cells. Indeed, we could detect the 
compound, albeit in low concentration, in 
cells of M. thermoautotrophtcum that had 
been collected during the late linear and 
stationary growth phases, when hydrogen 
had become growth-limiting (Vermeij 
and Keltjens, unpublished results). 
The factor F190 synthetase and 
factor F190 hydrolase reactions provide 
methanogenic bacteria with an elegant 
sensor system to measure the oxidation 
and reduction potential in the cells. 
Factor F390 being present after oxidative 
stress then could work as an alarmone. A 
proper alarmone function presumes that 
the compound also should trigger a stress 
response (Lindquist, 1986). In this 
respect it is interesting to note that factor 
F390 contains a highly energetic AMP (or 
GMP) bond (Kengen et al., 1989) which 
could be used for adenylylation (or 
guanylylation) of some enzyme(s). The 
latter aspect is under present 
investigation. 
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Coenzyme F390 synthetase from Methanobacterium 
thermoautotrophicum strain Marburg belongs to the 
superfamily of adenylate-forming enzymes 
Paul Vermeij, Ruud J.T. van der Steen, Jan T. Keltjens, 
Godfried D. Vogels and Thomas Leisinger 
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Factor Fj90 synthetase front M. thermoautotrophicum strain Marburg 
ABSTRACT 
Depending on the reduction-oxidation state of the cell, some methanogenic bacteria 
synthesize or hydrolyze 8-hydroxyadenylylated-coenzyme F 4 2 0 (factor F 3 9 0). These two 
reactions are catalyzed by factor F 3 9 0 synthetase and hydrolase, respectively. To gain more 
insight into the mechanism of the former reaction, factor F 3 9 0 synthetase from 
Methanobacterium thermoautotrophicum strain Marburg was purified 89-fold from cell-free 
extract to a specific activity of 0.75 pmol min"1 mg protein '. The monomeric enzyme 
consisted of a polypeptide with a apparent molecular mass of 41 kDa as determined by SDS-
PAGE. ftsA, the gene encoding factor F 3 9 0 synthetase was cloned and sequenced. It encoded 
a protein of 377 amino acids with a predicted M
r
 of 43280. FtsA was found to be similar to 
domains found in the superfamily of peptide synthetases and adenylate-forming enzymes. 
Similarity of FtsA was highest to gramicidin S synthetase II (67% similarity in a 227 amino 
acid region) and 5-(L-a-aminoadipyl)-L-cysteine-D-valine (ACV) synthetase (57% similarity 
in a 193 amino acid region). Factor F 3 9 0 synthetase, however, takes an exceptional position 
in the superfamily of adenylate-forming enzymes in that it does not activate a carboxyl group 
of an amino- or hydroxy acid but an aromatic hydroxyl group of coenzyme F 4 2 0 . 
INTRODUCTION 
Methanogenesis, the coupling of 
methane formation to energy generation, 
represents a type of metabolism only found 
in the methanogenic archaea. Analysis of 
this central metabolic pathway has revealed 
that methanogens contain a set of unique 
cofactors for the reduction of various C,-
compounds to methane (DiMarco et al., 
1990; Keltjens et al., 1990; Wolfe, 1991). 
One of these is the blue fluorescent 5-
deazaflavin derivative coenzyme F 4 2 0 (7,8-
didemethyl-8-hydroxy-5-deazaflavin-5'-
phosphoryllactylglutamyl-glutamate; Fig. 1; 
Eirich et al., 1978). It functions primarily 
as the central electron carrier both in 
methanogenesis and in a number of 
anabolic reactions (Keltjens and van der 
Drift, 1986; Thauer et al., 1993). 
In a number of methanogens 
coenzyme F 4 2 0 was found to be converted 
into its 8-hydroxy-AMP and 8-hydroxy-
GMP esters, factor F390-A and factor F 3 9 0-
G, upon exposure to oxygen (Fig. 1; Gloss 
and Hausinger, 1988; Van de Wijngaard et 
al., 1991). After reestablishment of 
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Fig. 1. Structures of coenzyme F4 2 0 (A), factor 
F390-A (B) and factor F390-G (C) (Eirich et al., 
1978; Hausingeretal., 1985). 
anaerobic conditions factor F 3 9 0 was 
reconverted into coenzyme F 4 2 0 and AMP 
(Kengen et al., 1991a; Kiener et al., 1988). 
Studies with cell extracts from 
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Methanobacterium thermoautotrophicum 
strain ΔΗ showed that the formation and 
degradation of factor F 3 9 0 were catalyzed 
by two separate enzymes, factor F 3 9 0 
synthetase and factor F 3 9 0 hydrolase 
(Kengen et a l , 1989, 1991a, 1991b) 
Recently the enzymes catalyzing 
the formation and degradation of factor 
F 3 9 0 have been purified and characterized 
from M thermoautotrophicum stain ΔΗ 
(Vermey et a l , 1994, thesis chapter 4) 
Factor F 3 9 0 synthetase was shown to be 
strongly inhibited by reduced coenzyme 
F 4 2 0 Thus the activity of the enzyme is 
regulated by the ratio between reduced and 
oxidized coenzyme F 4 2 0 The activity of the 
factor F 3 9 0 hydrolase was found to be 
influenced by the redox potential of the 
environment At low redox potentials the 
enzyme showed optimal activity, while 
with an increasing redox potential a lower 
activity was observed From these data it 
was concluded that the factor F 3 9 0 system 
is a sophisticated mechanism for 
methanogenic bacteria to sense the 
reduction and oxidation potential of the 
cell Factor F 3 9 0 , present after the redox 
potential of the cell increases, may 
function as a signal compound transferring 
information about the redox potential to a 
yet unknown site of action We now have 
initiated studies on the genetics of the 
factor F 3 9 0 metabolism by isolating and 
characterizing the gene encoding factor F 3 9 0 
synthetase from M thermoautotrophicum 
strain Marburg 
MATERIALS AND METHODS 
Materials 
M thermoautotrophicum strain 
Marburg (DSM 2133) was grown at 65°C 
in a 12-1 fermentor containing 10-1 mineral 
medium (Schönheit et a l , 1979) under 
H2/C02 (80%/20%, vol/vol) Cells were 
anaerobically harvested before entering the 
stationary growth phase with a Sharpless 
continuous centrifuge and were stored at -
70°C under nitrogen Cell-free extract was 
prepared as documented before (Kengen et 
al , 1989) with the exception that no DTT 
was added to the buffers Coenzyme F420 
was purified from M thermoautotrophicum 
strain ΔΗ essentially as described before 
(Einch et a l , 1978), except that a Bonded 
Phase-Octadecyl column was used to 
obtain pure and salt-free preparations (te 
Brommelstroet et a l , 1990b) 
Procion Red HE-3B (ICI, 
Manchester, UK) column material was a 
gift of Dr J Visser, Department of 
Molecular Genetics, University of 
Wageningen (Wageningen, NL) The dye 
was immobilized (0 3 g dye/25 g 
Sepharose CL-6B) as documented before 
(Atkinson et al, 1982) TSK-Butyl 650(S) 
was purchased from Merck The TSK-
DEAE-5PW column was obtained from 
TosoHaas (Montgomeryville, PA) Centrip-
rep YM-10 and Centncon 10 concentrators 
were from Amicon Division ATP was 
purchased from Boehnnger Mannheim All 
other chemicals were of highest grade 
available 
All DNA-modifying enzymes were 
purchased from Boehnnger Mannheim, 
New England Biolabs, Pharmacia, 
Epicentre Technologies and Stratagene 
Radioactively labelled compounds were 
bought from Amersham Synthetic 
oligonucleotides were from Microsynth AG 
(Windisch, Switserland) and Eurogentec 
(Seraing, Belgium) Cloning vector 
pBLUESCRIPT was from Stratagene 
Escherichia coli strain Dh5a (GIBCO 
BRL), served as host of the vectors 
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Enzyme assays. 
Faso synthetase was routinely 
assayed in a 1-ml cuvette under air by 
simultaneously following the change in 
absorbance at 340 nm and 420 nm at 55QC 
(Kengen et a l , 1989) A typical assay 
mixture (750 μΙ) contained 100 mM 
potassium phosphate buffer (pH 6 4), 16 
mM ATP, 16 mM MgCl2, and an 
appropriate amount of enzyme fraction 
The reaction was initiated by the addition 
of 40 μ M F 4 2 0 Further additions or 
omissions were as described in the text 
The decrease of the absorption at 420 nm 
was used for rate calculation, using the 
molar extinction coefficients for coenzyme 
F 4 2 0 (ε42ο=21 8 mM ' c m ' ) and factor F 3 9 0 
(e 3 9 0 =66 mM ' c m ' ) (Kengen et a l , 1989, 
Purwantini et a l , 1992) Protein concen­
trations of the enzyme samples were deter­
mined with Bio-Rad protein reagent (Bio-
Rad Laboratories) with bovine serum albu­
min as a standard 
Enzyme purification and amino acid 
sequence determination. 
F 3 9 0 synthetase was purified under 
air at 25°C All buffers were prepared in 
Milli-Q water (Millipore) After the 
addition of 1 mM MgCl2, 10 ml cell-free 
extract was applied to a Procion Red HE-
3B dye affinity chromatography column 
( 1 0 x 6 0 cm, flowrate 0 5 ml/min) equili­
brated in 9 mM potassium phosphate 
buffer (pH 6 4) containing 1 mM MgCl2 
(buffer A) The column was stepwise 
developed with buffer A (50 ml), 250 mM 
KCl (30 ml) and IM KCl (30 ml), the last 
two steps in 10 mM potassium phosphate 
buffer (pH 6 4, buffer B) Enzyme activity 
was recovered in the 250 mM KCl eluate 
Active fractions from two separate Procion 
Red HE-3B columns were combined (18 
ml), diluted (1 1, vv) with 2M KCl in 
buffer В and loaded onto a TSK-Butyl 
650(S) column (1 0 χ 6 0 cm, flowrate 0 5 
ml/min) equilibrated in buffer В containing 
1 M KCl The column was developed by 
washing with equilibration buffer (30 ml) 
followed by a linear gradient of 1 to 0 M 
KCl in buffer В (200 ml) F 3 9 0 synthetase 
activity was recovered in fractions 
containing 600-430 mM KCl Active 
fractions were combined (45 ml), con­
centrated and desalted with buffer В by 
ultrafiltration on an Amicon Centnprep 
YM-10 concentrator and loaded onto a 
TSK-DEAE-5PW column (0 75 χ 7 5 cm) 
equilibrated in buffer В The column was 
developed at 0 5 ml/min with a 200 ml 0 
to 500 mM KCl linear gradient in buffer 
В F 1 9 0 synthetase was eluted from the 
column at 360 mM KCl F 3 9 0 synthetase 
activity was concentrated by ultrafiltration 
to 1 ml with a Centnprep YM-10 
concentrator Half of the concentrated 
enzyme preperation was diluted (1 1, ν v) 
with native-PAGE sample buffer and 
loaded onto a PrepGel (preparative gel 
electrophoresis unit, Bio-Rad) The native 
gel (running gel 30 ml, 10% 
Polyacrylamide, stacking gel 10 ml, 4% 
Polyacrylamide) was run at constant 
current of 40 mA Electrophoresis buffers 
were prepared as described by Laemmli 
(1970) Further procedures were according 
to the instructions of the manufacturer 
Factor F 3 9 0 synthetase actitvity was 
recovered in fractions that eluted from the 
running gel after 200-210 min (R
r
 = 0 58) 
Active fractions were pooled and desalted 
and concentrated by ultrafiltration on a 
Centnprep YM-10 and a Centncon 10 with 
buffer В until a final volume of 100 μ I and 
stored at -20°C until use The second half 
of the concentrated TSK-DEAE pool was 
separated on a 10% SDS Polyacrylamide 
gel with the purified enzyme as marker 
and blotted onto a polyvinyhdene 
difluonde membrane (PVDF, Bio-Rad) 
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The PVDF blot was stained with Ponceau 
S. The area containing the 41 kDa factor 
F190 synthetase was excised. Amino acid 
sequences were determined using a 470A 
protein/peptide sequencer from Applied 
Biosystems (Foster City, CA) according 
the protocol given by the manufacturer. 
Molecular biological methods. 
The sequence of the oligonucleotide 
probes ftsl (TCCATIGT(C/T)TCIAT(GT)-
TC, corresponding to amino acids 8 
through 13) and fts2 (TCIGG(G/A)TT-
(G/A)AA(G/A)TA(G/A)TT, corresponding 
to amino acid 3 through 8) were derived 
from the N-terminal amino acid sequence 
(compare Fig. 4) of the factor F , w 
synthetase. Genomic DNA from M 
thermoautotrophicum was isolated as 
described (Kieneret al., 1987). 12P-labeling 
of o l i g o n u c l e o t i d e s , S o u t h e r n 
hybridizations and other techniques were 
done as described by Sambrook et al. 
(1989) or as described by the 
manufacturer. Qiagen column purified 
plasmid was used for sequencing. DNA 
fragments cloned into pBLUESCRIPT 
were sequenced by the dideoxynucleotide 
method (Sanger at al., 1977) using the 
modified T7 DNA polymerase (Sequenase) 
or the T7 sequencing kit (Pharmacia). Both 
strands of DNA were independently and 
completely sequenced. The nucleotide 
sequence was analyzed on the VAX with 
the University of Wisconsin Genetics 
Computer Group sequence analysis 
software package, version 8.0 (Deveraux et 
al., 1984). 
Analy t i ca l Po lyacry lamide gel 
electrophoresis. 
Denaturing SDS-PAGE, native 
PAGE and Coomassie brilliant-blue 
staining were performed using the PhastSy-
stem (Pharmacia) or the Bio-Rad Protean 
II as described by the manufacturers. F390 
synthetase activity staining by incubating a 
native-PAGE gel in a reaction mixture and 
subsequent inspection of the gel under 
long-wave (366 nm) ultraviolet light was 
done as described before (Vermeij et al., 
1994). For the determination of the subunit 
molecular mass of the denatured protein by 
SDS-PAGE, the following standards were 
used: rabbit muscle Phosphorylase (97.4 
kDa), bovine serum albumin (66.2 kDa), 
hen egg white albumin (45 kDa), bovine 
carbonic anhydrase (31 kDa), soybean 
trypsin inhibitor (21.5 kDa) and hen egg 
white lysozyme (14.4 kDa). For native-
PAGE, urease (hexamer 545 kDa, trimer 
277 kDa), bovine serum albumin (dimer 
132 kDa, monomer 66 kDa), chicken egg 
albumin (45 kDa) and a-lactalbumin (14.2 
kDa) served as molecular standards. 
RESULTS 
Purification of factor F39ll synthetase 
from M. thermoautotrophicum strain 
Marburg. 
The F190 synthetase was purified 
under air at 25°C, by use of dye-affinity 
chromatography on a Procion Red HE-3B 
column, subsequent hydrophobic interacti-
on chromatography on a TSK-butyl 
column, followed by ion exchange 
chromatography on a TSK-DEAE column 
and finally by preparative gel 
electrophoresis on a PrepGel as summari-
zed in Table 1. The enzyme was purified 
a 89-fold with a final yield of 0.9 %. 
Addition of 1 mM MgCl2 to the cell 
extract and equilibration buffer proved to 
be essential for proper binding of the 
enzyme to the Procion Red HE-3B column. 
The enzyme could be eluted from the 
column with 250 mM KCl or 5 mM ATP. 
After TSK-DEAE column chromatography, 
a SDS-PAGE gel of the enzyme 
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Step 
Cell extract 
Procion Red 
HE-3B 
TSK-butyl 
650 (S) 
TSK-DEAE 
PrepGel 
Total 
protein 
(mg) 
810 
19 
11 
1.2 
0.08 
Total 
activity 
(U) 
6.80 
2.17 
1.77 
1.08 
0.06 
Specific 
activity 
(U-K)Vmg) 
8.4 
114 
161 
900 
747 
Factor 
(fold) 
1 
13 
1') 
107 
89 
Recovery 
(%) 
100 
32 
26 
16 
0.9 
Table 1. Purification of factor F 3 9 0 synthetase from M. thermoautotrophicum (Marburg). The 
purification started from 20 ml cell-free extract. Enzyme activity was determined as described under 
Materials and Methods. One unit (U) is the amount of enzyme catalyzing the conversion of 1 μ mol 
A 
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Fig. 2. Analysis of the purified factor F,,,, synthetase by Polyacrylamide gel electrophoresis. (A) 12.5% 
SDS-PAGE, Coomassie-brilliant-blue staining. Lane 1,1.9 pg protein of the fraction which eluted from 
the TSK-DEAE column with 0.36 M KCl; 1.6 μg of the purified F
m
 synthetase from M. 
thermoautotrophicum strain Marburg. (B) 12.5% Native PAGE, activity staining. Lane 1, 30 pg cell-
free extract from M. thermoautotrophicum strain ΔΗ; lane 2, 1.6 pg of the purified F 3 , , synthetase 
from M. thermoautotrophicum strain Marburg 
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Fig 3. Restriction map of the sequenced genome region containing the ftsA gene. 
preparation showed the presence of 3 
major bands of approximately 77, 41 and 
33 kDa (Fig. 2A). To allocate one of these 
bands to the factor F 3 9 0 synthetase, half of 
the enzyme preparation was subjected to 
native PrepGel. SDS-PAGE of the 
concentrated PrepGel preparation showed 
a single band with an apparent molecular 
mass of 41 kDa (Fig. 2A). Activity 
staining of a native PAGE gel of the 
purified enzyme revealed an active band of 
approximately 40 kDa. It appeared that the 
enzyme from M. thermoatotrophicum 
strain Marburg was about 10 kDa smaller 
than the same enzyme purified from strain 
ΔΗ (Fig. 2B). This experiment 
unequivocally proved that the factor F 3 9 0 
synthetase from M. thermoautotrophicum 
strain Marburg was composed of a single 
subunit of 41 kDa. 
Allthough PrepGel electrophoresis 
yielded homogeneous active enzyme, 
earlier purification attempts showed that 
the amount of factor F 3 9 0 synthetase 
recovered was too low to allow a 
determination of the N-terminal amino acid 
sequence. Subsequently the synthetase was 
brought to homogeneity by SDS-PAGE of 
the TSK-DEAE fraction followed by 
transfer onto a PVDF membrane of the 41 
kDa band. 
Cloning of the gene encoding the factor 
F 3 , 0 synthetase (designated ftsA gene). 
DNA of M. thermoautotrophicum 
was double digested by the restriction 
endonucleases EcoRl and Pstl. The 
digestion products were separated on an 
agarose gel, whereafter they were 
transferred to a Hybond-N membrane 
(Amersham). Under the hybridization 
conditions employed (32.5°C, 6 χ SSC, 
0.2% SDS) both synthetic oligonucleotides 
gave a single, identical hybridization 
signal. The probes hybridized to a 323 bp 
fragment, which was ligated into the 
£coRI and Pstl cleavage sites of vector 
pBLUESCRIPT SK, resulting in plasmid 
pPV320. 
Plasmid pPV320 was transferred 
into E. coli Dh5a. After confirmation that 
a part of the deduced amino acid sequence 
of the cloned fragment and the N-terminal 
sequence of the factor F 3 9 0 synthetase were 
identical, the 323 bp insert was used as 
probe to screen a pVKlOO library of M. 
thermoautotrophicum DNA (10-20 kbp 
DNA fragments; Meile et al., 1991). For 
subcloning, one of the positive cosmids 
was isolated. Subsequently a 1.65 kbp 
BamUl fragment, containing the whole 
gene, and an overlapping 1.2 kbp Hindlll 
fragment were cloned into pBLUESCRIPT 
SK vector and sequenced. The restriction 
map of the sequenced DNA region is given 
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AAGCTTCAGATGTCCTTGATGCAATGGCATCATACCCTGCAGATAAACCGCTGCTTGAGGAACTTGCAGAGTCCC 7 5 
A S D V L D A M A S Y P A D K P L L E E L A E S 
CTAATTCCACACTGGCATCAGGGTTCCTCAACGGGACCCTTGAGGGGATCAACTACAATCTGACCATGGATAATG 150 
P N S T L A S G F L N G T L E G I N Y N L T M D N 
GTTCAGGAGAGGTTACAGTTGCCTCCCGCGGTTCAATGGGGGATGCAGAAGACATAGGTACCGCTGTGGCCTGCC 22 5 
G S G E V T V A S R G S M G D A E D I G T A V A C 
GGGGCACTGTGATCTTC AGGCTTTATGTGTGGAGATGACTGCTGGCAATGGAAAAATATTAATAGTTGATTGCCC 3 00 
R G T V I F R P Y V W R 
AATCTTTTATTGATCTC ATTTTGCCCTG ATAGTGTAGCGGATATCACGT AGG ACTGCGG ATCCTATTACCCGGGT 375 
TC AAGTCCCGGTCAGGCATCCATTTTCAGTTTTGAAGGGATTTAGGGGCCTTCAAATATTTCTCATCATGTC ATG 4 50 
ATGGTTCACTGACACTTTAACTGCAGTATGACTTCCCCATGATTCAGCATCATGAACACATTAAAACTTTATCCA 52 5 
ooooo о 
ATGC ACTCC AATCTAAT AACTGG AGGTGTGCTTGTC ATGGGG AACT ACTTCAACCCTGAAATAGAGACCATGGAA 600 
******-* 'M) G Ы Y. F. Ы E E I E I И Е_ 
CGGGAGGACCTGGACGCCCTCGTGGAGGAGAGGATAAGGTATACCGTGAGCTATGCCTACGAGAACTCCCCATTC 6 7 5 
R E F I T , П А I, V E E R T R Y T V S Y A Y E N S P F 
TACAGTAAATGGTTCAGGAAAAACGGTATCAGGCCCTCAGACATAAGGAGCCATGAGGACCTCAGGGAGCTCCCG 7 50 
Y S K W F R K N G I R P S D I R S H E D L R E L P 
ATAATAACCGGTGAAACCGTTAGGGAAAACCAGCCCCCTGAAAGGGATGACTTCGAATTCAGATGCGCCCCATTG 82 5 
I I T G E T V R E N Q P P E R D D F E F R C A P L 
GAGGACATATACACCATACATGAGACCAGCGGTACAAGCGGAAGGCCGAAGTCATTTTTCCTCACATGGGGGGAC 900 
E D I Y T I H E T S G T S G R P K S F F L T W G D 
TGGC AGAGGT ACGCCGAGAAGTACGC AAGGTC ATTCGTGTCCC AGGGATTTGAG AGGGGTGAC AGGGTGGTTGTA 975 
W Q R Y A E K Y A R S F V S Q G F E R G D R V V V 
TGTGCCTCCTATGGC ATGAATGTGGGTGC AAATACCATGACCCTGGC AGC AC AG AAG AT AGGG ATGACCATAATC 1050 
C A S Y G M N V G A N T M T L A A Q K I G M T I I 
CCTGAGGGCAAATGCACCTTTCCTGTGAGGATAATAGAGAGCTACCGTCCCACAGGTATAGTTGCAAGCATATTC 112 5 
P E G K C T F P V R I I E S Y R P T G I V A S I F 
AAACTGCTGAGGCTCGCGAGGCGCATGAAGGAACAGGGCCTTGATCCCAGGGAGTCAAGTATAAGGAGACTGGTT 12 00 
K L L R L A R R M K E Q G L D P R E S S I R R L V 
GCAGGCGGCGAAAGCTTCGCACCCGAATCAAGGGAGTACGTGGAGGAAGTATGGGGCGTTGAAGTCTACAACACC 127 5 
A G G E S F A P E S R E Y V E E V W G V E V Y N T 
TATGGAAGCACCGAGGGAACCATGTGCGGAGAATGCCACATCAAGGAGGGCCTGCATGTCCCTGAGGACCTGGTG 13 50 
Y G S T E G T M C G E C H I K E G L H V P E D L V 
CACCTGGACGTCTATGATCCAGCCATGAGGGACTTTGTTGATGATGGGGAGTGCGGCAGAATAGTCCTCACAACC 142 5 
H L D V Y D P A M R D F V D D G E C G R I V L T T 
CTTCTTCCTGTCGGTGAGAAAACGGGGACCCTCCTCCTC AACTATG ACACCG AGG AC ACC ACGGTTGTAATCTC A 1500 
L L . P V G E K T G T L L L N Y D T E D T T V V I Ξ 
AGGGATAGGTGC AAATGTGG AAGGACCC ATATG AGGATAATGAACCCTGAAAGGGAGGCCG AG ACCTTCTGGGTG 1575 
R D R C K C G R T H M R I M N P E R E A E T F W V 
GCAGGGCACCCCTTC AAC AGGGTCGATGTTG AGGCAGCGGTGTTCC AGAGGG AGAAT ATGG ATT ATCTAAC AGGT 1650 
A G H P F N R V D V E A A V F Q R E N M D Y L T G 
GAATACGAGGCCTTCCTCTATGGCGATGAGGATGAGGGCCAATAACAATGAGGGTGTCACTGGAGTGTGAGGACC 1725 
E Y E A F L Y G D E D E G Q > > < <--
CTGAAAACTGTGCCATGGATATAGTAAGGGAGAACTTTATAAGGGCCTTCTTCAAATATAAGAGAGAACTCTACG 1800 
AGGCATATACAGAGGGCATTTTTGAGATACTGTTCAACTTCACAGGTCCCGGGAGCTTGAATTCTACAGGGTCAA 1875 
GGGAAG ACC AAAACGCATAGTTGATAGAAGATAACGCTGG ATAG AATTCAATTTC AGCCTAGGCTTTGGGGTACA 1950 
ATCATGCTTAACGCAG AAACCT ACATCAC АТС AAC AGAGGGG ATCGGTGGAAGGATCC 2008 
Fig. 4. Nucleotide sequence and derived amino acid sequence of the genome region containing theftsA 
gene. The protein sequence determined by Edman degradation is emphasized by a line under the 
sequence. The potential nbosome-binding site is labeled by asteriks. The nucleotides that conform the 
the consensus archaeal promotor element box A are labeled by small circles. The putative stem-loop 
structure to function as terminator is indicated by arrows. 
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in Fig. 3. 
Nucleotide sequence of the ftsA gene and 
derived amino acid sequence. 
In the DNA region analyzed to 
obtain the ftsA gene sequence, an open 
reading frame of 377 amino acids was 
detected encoding a 43.28-kDa protein 
(Fig. 3 and Fig. 4). The open reading 
frame was identified as the ftsA gene by 
comparison of its deduced amino acid 
sequence with the N-terminal amino acid 
sequence of the 41 kDa purified enzyme 
(Fig. 4). The start codon was preceded 8 
bp upsteam by the sequence TGGAGGTG, 
representing the putative ribosome binding 
site (Brown et al., 1989; Reeve, 1992). The 
sequence TTTATCCA found 36 bp 
upstream of the translational start, 
conforms to the common methanogen 
promotor box A element (Brown et al., 
1989; Reeve, 1992). In vivo transcription 
experiments from Haloferax volcami 
wildtype tRNAL y s promotor and mutant 
tRNA lys promoters showed that the two 
cytosines at position 523 and 524 (Fig. 4) 
do not influence the transcription 
efficiency (Palmer et al., 1994) and proved 
to be 100% functional compared to the 
archaebacterial consensus box A sequence 
(TTTATATA). 27 bp downstream of the 
putative box A the tetranucleotide GTGC 
is located which containes 3 out of 4 bases 
of the archaebacterial box В consensus 
(Brown et al., 1989; Reeve, 1992). 
Immediately downstream of the stop codon 
t h e s e q u e n c e 
AGGGTGTCACTGGAGTGTGAGGACC 
CT may form a stem-loop structure to 
function as a transcription terminator 
(Müller et al., 1985; Weil et al., 1989). No 
transcription terminator motif that 
conforms to the tandemly arranged oligo-T 
sequences, interspersed with C-residues 
was found (Brown et al., 1989; Reeve, 
1992). Approximately 300 bp upstream of 
the ftsA gene a second open reading frame 
was detected (Fig. 4). Comparison of the 
derived amino acid sequence to sequences 
of known proteins in the database gave no 
indication of its function. 
DISCUSSION 
Factor F190 synthetase was purified 
from M thermoautotrophicum strain Mar-
burg by the four-step procedure shown in 
Table 1. The purified enzyme was compo-
sed of a single 41 kDa polypeptide, which 
is 10 kDa smaller than the anologous 
enzyme from the ΔΗ strain. Comparison of 
the procedures used for the purification of 
the two enzymes suggests a much more 
hydrophobic nature of the strain ΔΗ 
synthetase (Vermeij et al., 1994, this 
chapter). It is expected that the additional 
10 kDA stretch will contain a substantial 
number of hydrophobic amino acids. The 
differences with respect to factor F 3 9 0 
synthetase provides further evidence that 
M. thermoautotrophicum strain Marburg 
and strain ΔΗ are only distantly related 
(Brandis et al., 1991) and have to be 
considered representatives of different 
species of Methanobacterium (Nölling et 
al., 1993). 
Following enzyme purification, the 
ftsA gene was cloned and sequenced. 
Repeated expression experiments in E. coli 
in which the ftsA gene was under control 
of both lad promoter and E coli ribosome 
binding site were unsuccessful. Upon 
induction all growth ceased indicating that 
FtsA may be toxic for E coli (data not 
shown). Homology searches with the 
amino acid sequence derived from the ftsA 
gene sequence showed a high degree of 
similarity to domains found in enzymes 
belonging to the superfamily of peptide 
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РсЬА 1428 SILAVWKTGGAYVPIDPRYP-DQRIQYIL EDTAALAVITD5PHIDRLR—SITNNRLPVIQS 1486 
FtsA 1 MGNYFNPÉIÉTMEREDLDALVÉÈRIRYTVSYAYENSPFYSKWFRKNGÌRPSDÌRSHE DLRELPÌITGETVRE 72 
: : : : : : I : : I I I I : : : : : : : : I : : : 1 I I : 
GrsB 534 GILGILKAGGAFVPIDPEYP-KERIGYMLD SVRLVLTQR HLKDKFAFTKETIVI 586 
PcbA 1487 DFALQLPP—SPVHPVSNC 
FtsA 73 
GrsB 587 --
KPSDLAYIMY-T. ¡ GVMVEHHGWNLCVSLCRLFGLRNTD-DEVILSF 1555 
NQPPERDDF—EFRC-APLEDÍ-YTÍHETÍelsSRra¿FFLTWGDWQRYAEkYARSFVSQGFÉRGDRVVVC 139 
ÉDPSISHÉLTEEiDYIÑESEDLFYllY-lisfÍSKFáGVML ÈHKNIVNLLHFTFEKTNÌNFSDKVLQY 753 
РсЬА 1556 ANY 
FtsA 140 ASYGMNVGANTMTLAAOKIG-MTIIPEGKCTFPVRIIESYRPTGIVASIFKLLRLARRMKEQGLDPR-ESSIRRLVAG 
: : : : :: : : : : I : : I : : : : : : : : : : : : I : I : I :: I ::: I ::::::::: 
GrsB 654 TNAVLTCVTKKFFSTLLSGGQLYLIRKETQRDVEQLFDLVKRENIEVLSFPVAFLKFIFNEREFINRFPTCVKHIITA 
.VDCV 1628 
215 
731 
PcbA 1629 GEAFSEPV--FDKIRETFPGLIINGYSPTBVSITTHKRPYPFPERRTDK-SIGCQLDNSTSYVLNDD M 1693 
I I : I : : : I :: : I : | | : И : : :: : : :: I :: : ::: I : : : 
FtsA 216 GESFAPES--REYVEEVWGVEVYNTYGSTEGTMCGECHIKEGLHVPEDLVHLDVYDPAMRDFVDDGECGRIVLTTLLP 291 
„ I I : : : : : I :: I : I : : : I Ì I : : I : : : : : I : : : : I I I : : : :: : :: I I : 
GrsB 732 GEQLWNNEFKRYLHEH-NVHLHNHYePSETHWTTYTINPEAEIPE-LPPIGKPISNTWIYILDQE Q 797 
PcbA 1694 KRVPIGAVGELYLGGDGV A9?YHN—??ÇLTAÇRFP ADRFPANPFQTEQERLEGRN 1747 
FtsA 292 VGEKTGTLLLNYDTEDTTWISRDRCKCGRTHMRIMÑPÉREAÉTFWAGHPFmVDVEAÁVFQRÉNMD 359 
: | : : I : : ::: I I : : : : I : I :: I : I : I : I : : : : 
GrsB 798 QLQPQGIVGELYISGANV GRGYLN--NQELTAEKFF ADPFRPNERM 841 
РсЬА П48 ARLYKffíOLVRWimANGDGEIEYLGRNDFQVKIRGGRIELGEIEAVLSSYPGIKQSWIAKDRKNDGQKYLVGYFVS 1825 
FtsA 3 60 YLÎSEYEAFLYGDÉDÉGQ 377 
GrsB 842 —YRÍIIBLARWLPDGÑIEFLGRADH- -QVKIRGHRIELGEIEAQLLNCKGVKEAWIDKADDK-GGKYLCAYVVM 9 1 1 
P c b A 1 8 2 6 SAGSLSAQAIRRFMLTSLPDYMVPAQLVPIAKFPVTVSGKLDAKALPVPDDTVEDDIVPPRTEVERILAGIWSELLEI 1 9 0 3 
F t s A 
G r s B 9 1 2 EVEVNDSEL-REYLGKALPDYMIPSFFVPLDHVRLHLBSKIDRKSLPNLEGIVNTNAKYWPTNELEEKLAKIWEEVL 9 8 8 
Fig. 5. Alignment of the amino acid sequence of the first of four functional domains within gramicidin 
S synthetase II (GrsB) from Bacillus brevis (Turgay et al., 1992) and of the second of three functional 
domain within a-aminoadipyl-cysteinyl-valine (ACV) synthetase (PcbA) from Cephalosporum 
acremonium (Gutiérrez et al., 1991) with the sequence of FtsA from M. thermoautotrophicum 
Marburg. Alignment is shown of the domains of GrsB and PcbA which exhibited the highest similarity 
with the amino acid sequence of FtsA. Identical amino acids are connected by a line and conservative 
replacements are indicated by a colon. Insertions made during the alignment optimization are marked 
with a space bar. The four consensus sequences are shaded. 
synthetases and adenylate-forming 
enzymes. All adenylate-forming enzymes 
contain one to four of these domains, 
which all show a high degree of similarity 
between them. Highest similarity of the 
FtsA sequence was found to the first of the 
four conserved and repeated domains, of 
about 600 amino acids each, found within 
gramicidine S synthetase II (GrsB) from 
acillus brevis (Turgay et al., 1992; Fig. 5) 
and the second of three conserved and 
repeated domains found within ô-(L-a-
aminoadipyl)-L-cysteine-D-valine (ACV) 
synthetase (PcbA) from Acremonium 
chrysogenum (Gutiérrez et al., 1991; Fig. 
5). Though similarity holds for the 
complete FtsA sequence, it was especially 
high within a stretch of approximately 230 
amino acids (residues 53-280). Here, FtsA 
was 18.9% identical and 66.7% homo-
logous to GrsB. In this region (residues 
53-246) FtsA showed 19.6% identity and 
57.2% homology to PcbA. As a 
comparison the first domain of GrsB and 
the second domain of PcbA sequences 
were 35.0 % identical (Turgay et al., 
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Scheme 1 
О 
R-C-O' + ATP = ^ ^ 
R-C-O-AMP + E-SH -~ _-
(R-COO-, substrate amino or hydroxy acid; E-SH, с 
1992). All domains found within the 
adenylate-forming enzymes contain four 
particularly conserved regions, which are 
located in a defined order. These 
concensus sequences TGTTG, YGD, TGD 
and NGK were suggested to represent 
nucleotide binding folds of either an ATP 
or acyladenylate-binding site (Turgay et 
al., 1992). FtsA contained only three of 
these highly conserved regions (Fig. 5). 
Despite the overall homology, FtsA 
contained at least four regions (residues 
31-45, 279-289, 311-321 and 339-351), 
which are not found in the domain of GrsB 
and PcbA, and which could be a part of 
the coenzyme F420-binding site. However, 
comparison of these particular regions, as 
well as of the whole FtsA sequence, with 
other coenzyme F420-dependent enzymes 
showed no apparent homology. This could 
be due to two reasons: first a difference in 
the type of reactions at the coenzyme F 4 2 0 
chromophore and secondly a difference in 
substrate-binding properties. In all 
coenzyme F 4 2 0-dependent enzymes 
sequenced thus far (Mukhopadhyay et al., 
1995), the chromophore is involved in a 
redox reaction (hydride transfer). In the 
factor F 3 9 0 synthetase reaction the 
chromophore is the place where an AMP 
(or GMP) residue is bound. Factor F 1 9 0 
synthetase is highly selective for its 
coenzyme F 4 2 0 substrate: only coenzyme 
F420-derivatives with at least contain 2 
glutamyl moieties are active in the reaction 
О 
ι 
R-C-O-AMP + PPj (1) 
E-S-C-R + AMP (2) 
italytic thiol group of the adenylate forming enzyme) 
(Kengen et al., 1989). The other coenzyme 
F 4 2 0 utilizing enzymes are less specific in 
this respect. 
The superfamily of peptide 
synthetases and adeny late-forming enzymes 
can be divided into two families (Turgay et 
al., 1992). In the first family, which 
includes among others gramicidine S 
synthetase II and ACV synthetase, the 
constituent substrates, amino acids and 
hydroxy acids, are activated as 
acyladenylates according to a multienzyme 
thiotemplate mechanism (Scheme 1, 
reaction 1). Next, the activated substrates 
are bound via carboxyl thioester linkages 
to the corresponding peptide-synthesizing 
active sites (Scheme 1 ; reaction 2). 
Subsequent peptide bond formation and 
transpeptidation require the aid of 4'-
phosphopantetheine. The second family 
includes those enzymes that activate their 
substrates as acyladenylates, but do not 
perform thioester formation. Members of 
this family lack a typical LGGXS 
sequence, which in the first family is 
thought to be the site active in covalent 
binding of thioester activated substrates 
(Schlumbohm et al., 1991). Since factor 
F 1 9 0 synthetase only catalyzes the formation 
of adenylylated coenzyme F 4 2 0 and since 
the LGGXS consensus sequence is absent, 
one would expect it the to be placed in the 
second subgroup. Yet, similarity is highest 
with members of the first family. It may 
be worthwhile mentioning that M. 
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thermoautotrophicum contains a second 
enzyme in factor F390 metabolism which 
hydrolyzes the AMP-coenzyme F420 bond 
(Kengen et al., 1991a). In this enzyme, 
factor F390 hydrolase, a redox-sensitive SH 
group is involved in catalysis (Kengen et 
al., 1991 a; Vermeij et al., thesis chapter 
4). It is tempting to speculate that the 
hydrolase harbors the LGGXS concensus 
sequence and that factor F190 synthetase 
and hydrolase evolved from a single 
enzyme that catalyzed both reactions. 
In summary, sequence analysis 
provided compelling evidence that factor 
F390 synthetase is a member of the 
superfamily of adenylate-forming enzymes. 
The synthetase takes an exceptional 
position in that superfamily, since it is 
structurally more related to the first 
subgroup, whereas it is functionally 
homologous to the second subgroup. In 
addition, factor F390 is the first 
representative that activates an aromatic 
hydroxy group, rather than an amino acid 
or hydroxy acid. 
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Factor F3m hydrolase from M thermoautrophicum strain Marburg 
ABSTRACT 
8-Hydroxyadenylylated coenzyme F 4 2 0 (factor F190-A) is formed in methanogenic 
bacteria upon oxidative stress. After reinstatement of anaerobic conditions factor F 3 9 0 
hydrolase catalyzes the degradation of factor F 1 9 0 into coenzyme F 4 2 0 and AMP. 
Characterization of the purified factor F 3 9 0 synthetase demonstrated that the rate of the 
biosynthetic reaction is subject to the H2 availability. A role for factor F 3 9 0 as sensor of the 
reduction-oxidation state of the cell and as response regulator compound was suggested 
(Vermeij et al., 1994). In order to justify this hypothesis and to get a better insight in the 
physiological role of factor F 3 9 0, factor F 3 9 0 hydrolase was purified from Methanobacterium 
thermoautotrophicum strain Marburg and some of its properties were determined. The 
hydrolase was purified 355-fold to a specific activity of 12.1 μπιοί · min"1 · mg protein'. The 
enzyme consisted of one polypeptide of approximately 27 kDa. Factor F 3 9 0 hydrolase 
displayed an apparent K
m
 for factor F 3 9 0 of 40 μΜ. The enzyme required the presence of a 
reducing agent like dithiothreitol to become active. Activity could be manipulated by applying 
various ratio's of reduced and oxidized dithiothreitol. Activation proceeded by a 2-electron 
reduction, which indicates that one S-S bridge is involved in the activation/inactivation of the 
enzyme. Dithiothreitol could be replaced by the methanogenic C
r
carrier 2-
mercaptoethanesulfonate (H-S-CoM), but not by N-7-mercaptoheptanoyl-L-threonine 
phosphate (H-S-HTP) or other naturally occurring thiol containing compounds. Addition of 
the heterodisulfide of H-S-CoM and H-S-HTP (CoM-S-S-HTP) diminished the stimulatory 
effect of H-S-CoM. 
INTRODUCTION 
In the methanogenic Archaea the 
reduction of C 0 2 to methane proceeds by 
use of a series of unique coenzymes, that 
function as C,-carriers or as electron 
carriers (DiMarco et al., 1990; Keltjens et 
al., 1990; Wolfe, 1991). Coenzyme F 4 2 0, 
7,8-didemethyl-8-hydroxy-5-deazaflavin-5'-
phosphoryllactylglutamyl-glutamate (Eirich 
et al., 1978), is a central low-potential 
redox carrier in both catabolic and anabolic 
reactions (Keltjens and van der Drift, 1986; 
Ferry, 1992; Thauer et al., 1993), showing 
chemical properties comparable to those of 
nicotinamide cofactors (Jacobson and 
Walsh, 1984). In addition to this key 
function as a redox carrier, coenzyme F 4 2 0 
was found to be converted into 
chromophores with an absorbance 
maximum at 390 nm upon exposure to 
oxygen. These compounds were identified 
as 8-hydroxyadenylylated coenzyme F 4 2 0 
(F190-A) and 8-hydroxyguanylylated 
coenzyme F 4 2 0 (F3 9 0-G; Hausinger et al., 
1985). Reestablisment of anaerobiosis 
returned the nucleotide derivatives into 
coenzyme F 4 2 0 (Kiener et al., 1988). 
Experiments with the purified factor 
F 3 9 0 synthetase from Methanobacterium 
thermoautotrophicum strain ΔΗ, which 
catalyzes factor F 3 9 0 formation from 
coenzyme F 4 2 0 and ATP (Kengen et al., 
1989), showed that reduced coenzyme F 4 2 0 
was a strong competitive inhibitor of the 
enzymic reaction. As a consequence 
enzyme activity is regulated by the ratio 
between reduced and oxidized coenzyme 
F 4 2 0 (Vermeij et al., 1994). 
Besides the rate of biosynthesis, the 
intracellular concentration of factor F 3 9 0 
will depend on the rate of hydrolysis. Up 
till now, the enzyme that catalyzes the 
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latter reaction, factor F 1 9 0 hydrolase, was 
only studied in crude cell-free systems or 
with partially purified preperations 
(Kengen et al , 1991a,b) In this paper we 
investigated the hydrolase reaction and 
functions that determine the enzyme 
activity in more detail with the 
homogeneous enzyme from M 
thermoautotrophicum strain Marburg 
MATERIALS AND METHODS 
Materials 
Coenzyme F 4 2 0 was purified from 
M thermoautotrophicum strain ΔΗ essen­
tially as described before (Einch et al, 
1978), except that a bonded-phase oct-
adecyl columm was used to obtain pure 
and sa l t- f ree p r e p a r a t i o n s (te 
Brommelstroet et a l , 1990) Enzymatic 
synthesis of factor F 3 9 0 from ATP and 
coenzyme F 4 2 0 and subsequent purification 
were done as described before (Kengen et 
a l , 1989) with the exception that extra 
ATP was added towards the end of the 
synthesis to obtain higher yields 2-
Mercaptoethanesulfonic acid (coenzyme M, 
H-S-CoM) was purchased from Merck N-
7-Mercaptoheptanoyl-L-threonine phosp­
hate (H-S-HTP) and the heterodisulfide of 
H-S-CoM and H-S-HTP were synthesized 
according to Ellermann et al (1988) The 
homodisulfide from H-S-CoM was 
prepared according to Hutten et al (1981) 
Escherichia coli thioredoxin, cysteine and 
glutathione were obtained from Sigma 
Chemical Co 
TSK-DEAE-5PW was purchased 
from TosoHaas Bonded-phase octadecyl -
colomm material was from J Τ Baker 
TSK-butyl 650(S) was obtained from 
Merck Centnprep YM-10 and YM-30 
concentrators and filters were from 
Amicon ATP, ADP and AMP were 
purchased from Boehnnger Mannheim 
Dithiothreitol was obtained from Serva 
Feinbiochimica The oxidized compound 
was prepared by bubbling air through a 
100 mM solution of reduced dithiothreitol 
in 100 mM Tns/HCl buffer (pH 8 2) for 20 
hours, a test with Ellman reagent showed 
a conversion of 92% Gasses were supplied 
by Hoek-Loos (Schiedam, The 
Netherlands) and freed from traces of 
oxygen by passage over a BASF RO-20 
catalyst at room temperature (H2 containing 
gasses), or a prereduced BASF R3-11 
catalyst at 150°C (N2) The catalysts were 
a gift of BASF All other chemicals were 
purchased from Sigma or Merck and were 
of analytical grade 
Growth of organism and preparation of 
cell-free extract 
M thermoautotrophicum strain 
Marburg (DSM 2133) was cultured in a 
10-1 fermentor on a defined mineral 
medium (Schönheit et a l , 1979) under a 
H2/C02 atmosphere (80%/20%, vol/vol, 
flow rate 1 2 liter/min, stirring 1200 rpm) 
Cells were harvested just before the entry 
of the stationary phase by continuous 
centnfugation and stored at -70DC under 
N2 Anaerobic cell-free extract was prepa-
red by suspending wet cells (1 1, mass/vol) 
in anoxic 50 mM Tes/K+ (pH 7 0) 
containing 1 mM dithiothreitol and 10 
μg ml ' nbonuclease and 10 pg ml ' 
deoxynbonuclease The cell suspension 
was anaerobically passed through a French 
pressure cell at 138 MPa Cell debris and 
unbroken cells were removed by anoxic 
centrifugaron at 27,000 χ g (45 min, 4°C) 
The supernatant, referred to as cell-free 
extract, which contained approximately 23 
mg protein ml ', was stored at -20°C 
under N2 
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Enzyme assays 
Factor F 1 9 0 hydrolase was routinely 
assayed in a 1.2-ml cuvette under N2 
atmosphere by simultaneously following 
the change in absorbance at 340 nm and 
420 nm at 55°C (Kengen et al., 1991a). A 
typical assay mixture (1 ml) contained 100 
mM Tris/HCl (pH 8.2), 6 mM 
dithiothreitol, 1 M KCl, and a suitable 
amount of enzyme. The reaction was 
initiated by the addition of 40 μΜ factor 
F 3 9 0 . Further additions or omissions were as 
described in the text. The increase of the 
absorption at 420 nm (Δε420 = 38.6 mM 
'•cm'
1) was used for rate calculation, using 
the the molar extinction coefficients for 
coenzyme F 4 2 0 (ε 4 2 0 = 45.5 mM'1 • cm'1) 
and factor F 1 9 0 (ε 4 2 0 = 6.9 mM ' · cm '; 
Kengen et al., 1989; Purwantini et al., 
1992). Column fractions were qualitatively 
tested for factor F 3 9 0 hydrolase activity in 
microwell plates and subsequent inspection 
under long-wave (366 nm) ultraviolet light 
(Kengen et al., 1991b). Active fractions 
converted non-fluorescent factor F 1 9 0 into 
fluorescent coenzyme F 4 2 0 . 
Protein concentrations of the 
enzyme samples were determined with 
Bio-Rad protein reagent using bovine 
serum albumin as a standard. 
Enzyme purification 
Unless mentioned otherwise, F 1 9 0 
hydrolase was purified under air at 20°C. 
All buffers were prepared in Milli-Q 
(Millipore) and contained 0.1 mM MnCI2. 
Cell extract (20 ml) was adjusted to 40% 
ammonium sulfate by dropwise adding 
aqueous saturated ammonium sulfate in 10 
mM Tris/HCl (pH 7.0; 13.4 ml) and gently 
stirring for at least 3 hours at 4°C. The 
suspension was centrifuged (20 min; 
30,000 χ g; 4°C) and the supernatant was 
subjected to a second ammonium sulfate 
precipitation at 60% saturation. After 
centrifugation the sedimented proteins were 
dissolved in 20 ml 20 mM Tris/HCl 
buffer (pH 7.0) containing 1 M ammonium 
sulfate (buffer A). Half of the 40-60% 
ammonium sulfate fraction was loaded 
onto a TSK-butyl 650(S) columm (2.6 χ 
20.0 cm; flowrate 0.5 ml/min) equilibrated 
in buffer A. The column was developed by 
washing with buffer A (15 ml), followed 
by a linear gradient (300 ml) of buffer A 
to 10 mM Tris/HCl buffer (pH 7.0; buffer 
B). The F 1 9 0 hydrolase was eluted between 
480 mM and 300 mM ammonium sulfate. 
Active fractions from two separate TSK-
butyl 650(S) columns were combined (96 
ml) and desalted with buffer В using a 
Centriprep YM-30 (cutoff 30 kDa) 
concentrator. Half (10 ml) of the desalted 
and concentrated TSK-butyl pool was 
loaded onto a TSK-DEAE-5PW column 
(0.75 χ 7.5 cm; flow 0.5 ml/min) equili­
brated in buffer B. The column was first 
washed with 10 ml buffer В and developed 
with a linear gradient (100 ml) of 0 to 500 
mM KCl in buffer B. The F 1 9 0 hydrolase 
activity was eluted between 140 and 270 
mM KCl. Active fractions from two 
separate TSK-DEAE pH 7.0 columns were 
combined (52 ml) and desalted with a 10 
mM Tris/HCl buffer (pH 8.2; buffer C) 
using a Centriprep YM-30 concentrator. 
The desalted pool was loaded onto a TSK-
DEAE-5PW column equilibrated in buffer 
С. A 100 ml linear gradient of 0 to 500 
mM KCl in buffer С was applied on the 
column. Active fractions which eluted be­
tween 210 and 320 mM KCl were pooled 
and subsequently desalted with buffer В 
and concentrated to a final volume of 2 ml, 
using a Centriprep YM-10 (cutoff 10 kDa) 
concentrator. Note that in this and 
subsequent washing and concentrating 
procedures an YM-10 filter was used. This 
was necessary since an YM-30 filter only 
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Step 
Cell-free extract 
Ammonium sulfate 
TSK-butyl 
TSK-DEAE (pH 7.0) 
TSK-DEAE (pH 8.2) 
PrepGel 
Total 
protein 
(mg) 
460 
320 
64 
12 
9 
0.24 
Total 
activity 
(U) 
15.4 
11.8 
8.7 
7.5 
6.0 
2.9 
Specific 
Activity 
(mU/mg) 
34 
37 
136 
625 
666 
12080 
Purification 
(fold) 
1.0 
1.1 
4.0 
18.4 
19.6 
355.0 
Recovery 
(%) 
100 
77 
56 
49 
39 
19 
Table 1. Purification of factor F3 9 0 hydrolase from M. thermoautotrophicum (strain Marburg). The 
purification started from 20 ml cell extract. Enzyme activity was determined as described in Materials 
and Methods. 1 U is amount of enzyme catalyzing the conversion of 1 μπιοί factor F39(> · min'. 
A 
top-
97.5-
66.2-
45.0-
31.0-
21.5-
14.4-
front-
*t*i> 
1 
Fig. 1. Analysis of the purified factor F3 9 0 hydrolase by Polyacrylamide gel electrophoresis. (A) 8-25% 
gradient SDS-PAGE, Coomassie brilliant blue staining. Lane 1,4.2 μg molecular mass standard; Lane 
2, 2.6 μ g of purified factor F3 9 0 hydrolase. (B) 20% native PAGE, activity staining, Lane 1, 1.3 μ§ of 
purified factor F3 9 0 hydrolase. 
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Fig. 2. Kinetics of the factor F3 9 0 hydrolase 
reaction. The assays were performed in the 
presence of 13 μ g purified enzyme as 
described in Materials and Methods. The 
reciprocal velocities of the reaction are shown 
versus the reciprocal factor F3 9 0 concentration. 
partly retained purified enzyme 
preparations. The desalted pool was mixed 
( 1 : 1 , vol/vol) with native sample buffer 
(125 mM Tris/HCl, pH 6.8; 10% glycerol, 
vol/vol; 0.1% bromophenol blue, mass/vol) 
and loaded onto a Bio-Rad PrepGel (pre­
parative gel electroforesis unit). The gel 
(running gel 40 ml, 12 % Polyacrylamide; 
stacking gel 10 ml, 4% Polyacrylamide) 
was run at a constant current of 40 m A. 
Electrophoresis buffers were prepared as 
decribed by Laemmli (1970). Further 
procedures were according to the instruc­
tions of the manufacturer. The F 3 9 0 hydro­
lase eluted after 360 min from the gel (Rf 
0.81). The combined active fractions were 
desalted with buffer В and concentrated 
using a Centriprep YM-10 concentrator to 
a final volume of 5 ml. Purified F 3 9 0 hydro­
lase (0.048 mg/ml) was stored at -20°C. 
A n a l y t i c a l P o l y a c r y l a m i d e gel 
electrophoresis 
Denaturing SDS-PAGE, native 
PAGE and Coomassie-brilliant-blue 
staining were performed using the Phastsy-
stem (Pharmacia) as described by the 
manufacturer. Factor F 3 9 0 hydrolase activity 
staining was done by incubating a native 
PAGE gel in a reaction mixture containing 
100 mM Tris/HCl (pH 8.2), 6 mM 
dithiothreitol, 1 M KCl, 25 μΜ factor F 3 9 0 
at 60°C for 30 min under a N 2 atmosphere. 
Factor F 3 9 0 hydrolase was detected by 
inspection of the gel under long-wave (366 
nm) ultraviolet light. For the determination 
of the subunit molecular mass of the dena­
tured protein'by SDS-PAGE, the following 
standards were used: bovine serum albu­
min (66,000 Da), chicken egg albumin 
(45,000 Da), pepsin (34,700 Da), trypsin-
ogen (24,000 Da), ß-lactalbumin (18,400 
Da) and lysozyme (14,300 Da). For native-
PAGE, urease (hexamer 545 kDa, trimer 
277 kDa), bovine serum albumin (dimer 
132 kDa, monomer 66 kDa), chicken egg 
albumin (45 kDa), carbonic anhydrase (29 
kDa) and oc-lactalbumin (14.2 kDa) served 
as molecular standards. 
RESULTS 
Purification of factor F3n hydrolase 
from M. thermoautotrophicum 
Factor F390 hydrolase was purified 
approximately 355-fold in a final yield of 
19% to apparent homogeneity. The five-
step procedure is outlined in Table 1. 
During this purification the presence of 0.1 
mM MnCl2 in the buffers proved to be 
crucial to obtain reasonable recoveries. 
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Fig. 3. Effect of dithiothreitol and H-S-CoM 
on the factor F39<) hydrolase reaction. The 
assays were performed in the presence of 13 
μg of purified enzyme as described in 
Materials and Methods. The factor F3%) 
hydrolase activity is plotted against the 
concentrations of dithiothreitol O) and H-S-
CoM (•). 
Previous purifications without MnCl, 
showed severe losses in activity (Kengen 
et al., 1991; Vermeij, unpublished results). 
SDS-PAGE showed a single band 
at 27 kDa (Fig. 1A). Native PAGE of the 
concentrated purified enzyme, followed by 
incubation in hydrolase staining buffer, 
revealed during inspection of the gel under 
long-wave ultraviolet light, a single 
fluorescent region of approximately 27 
kDa (Fig. IB). The molecular mass of the 
native protein was verified by gel filtration 
on Superose-6 prep grade and Sephacryl-
200 columns (both developed in 50 mM 
Tris/HCl, pH 7.2; flow 0.5 ml • min') and 
appeared to be 27 kDa when compared to 
standards of known molecular mass (data 
not shown). 
Kinetic properties and effectors of the 
enzymic reaction 
The enzyme-catalyzed hydrolysis of 
factor F 3 9 0 followed simple Michaelis-
Menten kinetics. A double reciprocal plot 
of the rate versus the substrate concen­
tration was linear and yielded an apparent 
K
m
 for factor F 3 9 0 of 40 μΜ (Fig. 2). The 
V
mBX amounted to 24 pmol- min"
1
 · mg 
protein ', which equals a K
cat of 11 s ' . 
Factor F 3 9 0 hydrolase was 
completely inhibited in the presence of 
ImM EDTA and activity could only be 
restored (up to 75%) by the addition of 5 
mM MnCl2 as was described before for the 
hydrolase from M. thermoautotrophicum 
strain ΔΗ (Kengen et al., 1991a). 
ATP, ADP or AMP (each 5 mM) 
had no effect on the reaction rates. Activity 
could only be measured under anaerobic 
conditions in the presence of dithiothreitol 
or H-S-CoM (Fig. 3). The purified enzyme 
was equally active under N2 or H 2 
atmosphere. Addition of 2 mM N-
ethylmaleimide gave a 36% inhibition, 
which is somewhat less than reported 
(48%) for the hydrolase from M. 
thermoautotrophicum strain ΔΗ (Kengen et 
al., 1991a). No inhibition was found with 
p-hydroxymercuribenzoate (0.5 mM). 
Activation of the factor F390 hydrolase by 
dithiothreitol 
As just pointed out, dithiothreitol 
was required to obtain an active enzyme. 
Half-maximal activity was observed at 2 
mM of the reductant (Fig. 3). Apparently 
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the inactive hydrolase (E
ox
) contains some 
disulfide bond(s) that have to be reduced 
in order to become active (E
red): 
nDDTfed = = ^ nDTTox + 2H + + 2e" 
Цд + nH+ +ne" ^ ^ Е ^ 
The activation was studied by 
following the enzyme activity in the 
presence of various ratios of reduced 
dithiothreitol and oxidized dithiothreitol 
(Fig. 4). A sigmoid relationship between 
the activity and the relative concentrations 
of DTT
red was found. Assuming the 
reduced enzyme to be fully active and the 
oxidized enzyme to be inactive, the (log) 
ratio's of the reduced and oxidized enzyme 
were plotted against the (log) ratio's of 
reduced and oxidized dithiothreitol, which 
gave a straight line (Fig. 4, inset). This 
implies that a (redox) equilibrium had been 
established between the enzyme and 
Compounds added 
dithiothreitol (6 mM) 
H-S-CoM (12 mM) 
H-S-HTP (12 mM) 
Cysteine (12 mM) 
Glutathione (12 mM) 
H-S-CoM (12 mM) + H-S-HTP (12 mM) 
H-S-CoM (6 mM) + CoM-S-S-HTP (6 mM) 
H-S-CoM (6 mM) + CoM-S-S-CoM (6 mM) 
Table 2. Effect of various thiol-containing coi 
thermoautotrophicum strain Marburg. 
dithiothreitol. From the slope of the curve 
(n = 1.95) it followed that the activation 
took place by a 2-electron reduction. Half-
maximal activity ([E
red]/[E0J = 1) was 
obtained at a log([dithiothreitol
red]/[dithio-
threitolj) = -0.27. From the Nernst 
equation and the known midpoint potential 
of dithiothreitol (E„' = -330 mV; Cleland, 
1964) it follows that factor F 1 9 0 hydrolase 
has an apparent E0'= -320 mV . The 
relationship between the enzyme activity 
and the relative concentrations of 
dithiothreitol
red was reevaluted on the basis 
of the calculated reaction stoichiometry 
and apparent E0' (solid line in Fig. 4), 
giving an almost perfect fit between the 
the experimental data points and the 
theoretical curve. 
Activation of the factor F 3 9 0 hydrolase by 
other thiols 
Two major thiol-containing 
compounds are involved in the central 
methanogenic metabolism: 2-mercapto-
ethanesulfonic acid (H-S-CoM) and 7-
mercaptoheptanoylthreonine phosphate (H-
F1 9 0 hydrolase actitvity 
(μιτιοί min ' mg protein ') 
10.5 
10.3 
0 1 
0 1 
0.3 
10.3 
06 
07 
on the factor F3 9 0 hydrolase reaction in M 
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Fig. 4. Effect of the redox potential on the factor F39u hydrolase reaction. Factor F3 9 u hydrolase reaction 
was measured in the presence of 13 μg purified enzyme and varied ratio's between reduced 
dithiothreitol and oxidized dithiothreitol with a total dithiothreitol concentration of 6mM. The relative 
activities are plotted against the ratio's between reduced dithiothreitol and oxidized dithiothreitol. The 
inset shows the double logaritmic plot of the ratio's between the reduced and oxidized enzyme versus 
the ratio's between reduced and oxidized dithiothreitol. The factor F3 9 0 hydrolase activity obtained in 
the presence of 6 mM dithiothreitol was taken as 100%. Abriviation: DTT, dithiothreitol. 
S-HTP). We tested, whether these 
physiological thiols could substitute for 
dithiothreitol in activation of the enzyme 
(Table 2). H-S-CoM, indeed, proved to be 
active. Half-maximal activation occurred at 
around 7 mM H-S-CoM (Fig. 3), which is 
about 3.5-fold higher than found with 
dithiothreitol. In contrast, H-S-HTP was 
inactive and a combination of H-S-CoM 
and H-S-HTP gave no extra stimulation 
(Table 2). The activation of the hydrolase 
by H-S-CoM had at least some specificity, 
since other naturally occurring thiol 
compounds like cysteine and gluthathione 
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were inactive. Thioredoxin from E. coli, 
reduced with 1 mM dithiothreitol, had no 
stimulating effect either. Activation of the 
hydrolase with H-S-CoM was inhibited by 
addition of the homodisulfide of H-S-CoM 
(CoM-S-S-CoM) and by the heterodisulfide 
CoM-S-S-HTP, which is a product of the 
terminal methane-forming reaction of the 
methanogenesis. Activity could be 
manipulated by varying the ratio's between 
H-S-CoM and CoM-S-S-HTP (Fig. 5). As 
above, a linear relationship was found 
between the log ratio's of the active and 
inactive enzyme and the log ratio's 
between H-S-CoM and CoM-S-S-HTP. 
The slope (n = 2.02) was in agreement 
with the 2-electron reduction. By use of 
the F 0 (H-S-CoM/CoM-S-S-HTP) = -210 
mV (Hedderich and Thauer, 1988), an 
apparent E'0 of -230 mV may be calculated 
from the oxidation-reduction of the 
hydrolase, which is substantially higher 
than is obtained with dithiothreitol. 
DISCUSSION 
The cellular concentration of factor 
F 3 9 0 is governed by the antagonistic 
activities of the factor F 3 9 0 synthetase and 
hydrolase. In this paper we focused on the 
latter enzyme. The hydrolase was purified 
to homogeneity by a procedure 
summarized in Table 1. The presence of 
Mn2 + in the buffers proved to be essential 
to obtain a reasonable yield. In addition, 
EDTA was an inhibitor of the reaction and 
activity could be specifically restored by 
Mn2+. This indicates that the cation is 
involved in enzymic hydrolysis. The 
purified enzyme was composed of a single 
polypeptide with a molecular mass of 27 
kDa, which is somewhat higher than 
reported (25.5 kDa) for the hydrolase from 
M. thermoautotrophicum strain ΔΗ 
-0.4 0 0.4 0.8 1.2 1.6 
log (H-S-CoM/CoM-S-S-HTP) 
Fig. S. Efect of the ratio between H-S-CoM 
and CoM-S-S-HTP on the factor F39() hydrolase 
reaction. Factor F3 9 0 reaction was measured in 
the presence of 13 μ g purified enzyme and 
varied ratio's between H-S-CoM and CoM-S-S-
HTP with a total concentration of 12 mM. The 
logarithmic ratio's between the reduced and 
oxidized enzyme are plotted against the 
logarithmic ratio's between H-S-CoM and 
CoM-S-S-HTP. 
(Kengen et al., 1991b). 
Factor F 3 9 0 hydrolase is a redox-
sensitive protein. The enzyme was inactive 
under aerobic conditions and when 
measured anaerobically, activity was only 
found in the presence of reductants like 
dithiothreitol. This suggests that the 
hydrolase contains a S-S bridge that has to 
be reduced in order to activate the enzyme. 
By poising the redox potential of the 
reaction mixture by varied concentrations 
of reduced and oxidized dithiothreitol, the 
stoichiometry was in agreement with a 2-
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electron reduction. Interestingly, 
dithiothreitol could be substituted by the 
methanogenic cofactor H-S-CoM, which is 
the C,-carrier in the penultimate and 
terminal reaction steps in methanogenesis 
(Ferry, 1992; Keltjens and van der Drift, 
1986; Thauer et al., 1993). Activation was 
inhibited by CoM-S-S-CoM, which does 
not seem to play an obvious role in 
methanogenic metabolism, and by CoM-S-
S-HTP. It is an intriguing thought that 
factor F 3 9 0 hydrolase activity is regulated 
by the intracellular ratio's of H-S-CoM and 
the heterodisulfide. One might question the 
physiological significance of the finding. 
We noticed that rather high concentrations 
of the compounds were required to observe 
the effects. M. thermoautotrophicum 
contains about 12 nmol coenzyme M per 
mg protein (Balch et al., 1976). Assuming 
50% of the dry weight to be composed of 
protein and taking an intracellular volume 
of 1.8 μΐ · m g ' (Schönheit and Perski, 
1983), the concentration of coenzyme M 
amounts to 3 raM. The latter value may be 
an underestimation, since it is not known 
whether coenzyme M derivatives like 
CoM-S-S-HTP were active in the bioassay. 
Yet, the stimulating effect by H-S-CoM 
proved to be quite specific: other naturally 
found thiol compounds, including H-S-
HTP were inactive. Still, it cannot be ruled 
out that the hydrolase activity is regulated 
by other reductants like thioredoxin that 
are effective in much lower concentrations 
(Holmgren, 1985). A thioredoxin, which 
was active in E. colt, has been purified 
from M. thermoautotrophicum (Schlicht et 
al, 1985). However, commercially available 
E. coli thioredoxin failed to activate the 
factor F19Q hydrolase. 
The apparent hydrolase midpoint 
potential determined with the H-S-
C o M / C o M - S - S - H T P couple was 
s ignif icant ly higher than with 
dithiothreitoIred/dithiothreitolox: -230 mV 
and -320 mV, respectively. This may be 
due to the reaction kinetics. Reduction of 
the protein S-S bridge is a two-step 
process (Gitler et al., 1994). The initial 
attack by the reductant (R-S-H) on the 
protein yields the protein-(S-H)-S-S-R 
mixed disulfide (step 1). The close 
apposition of the S-H formed strongly 
favours the reverse reaction (step 1 ) above 
the reaction with a second R-S-H (step 2). 
As a consequence a vast excess of 
reductant may be required to perform the 
overall reduction. The E'0 of the enzyme 
measured by the method applied will 
depend on the reaction equilibrium (1) and 
(2), i.e. on the specificity of the interaction 
between enzyme and reductant. The 
finding that H-S-CoM, being a much 
weaker reductant than dithiothreitol, is able 
to reduce the hydrolase implies that the 
former interacts more specificically with 
the enzyme than dithiothreitol. The lack of 
specificity may also explain why other 
reductants or the inhibitors tested did not 
support the activation or inhibition of the 
hydrolase. 
As mentioned above, the 
concentration of factor F190 is determined 
by the activities of the synthetase and the 
hydrolase. While the cellular levels of both 
+ R-S-H^ 
(1) 
S-S-R 
S-H 
+ R-S-H 
(2) 
S-H 
S-H 
+R-S-S-R 
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HS-HTP 
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formyl-MFR 
5,10-methenyl-H4MPT 
H2 
5-m6lhyl-H4MPT 
methyl- S-CoM 
CoM-S-S-HTP-«-
CH4 
Fig. 6. Proposed scheme showing the interconnection between the C02 reduction pathway to methane 
and factor F390 metabolism. The methanogenic pathway and the factor F390 system are schematically 
represented at the right hand and left hand side of the Figure, respectively. Enzymes: 1, Fm) synthetase; 
2, F390 hydrolase. +, stimulation; -, inhibition. Methanogenic coenzymes: MFR, methanofuran; H4MPT, 
tetrahydromethanopterin 
enzymes were completely independent of 
the growth conditions (P. Vermey, 
unpublished results), their activities seem 
to be accurately regulated by the metabolic 
status of the cells. Factor F390 synthetase 
activity is regulated by the ratio's between 
oxidized and reduced coenzyme F420 
(Vermey et al., 1994; Fig. 6), while the 
hydrolase activity may depend on the H-S-
CoM/CoM-S-S-HTP ratio's (Fig. 6) or on 
the redox state of some other activator. In 
fed-batch and continuous cultures we could 
detect factor F390 in concentrations that 
closely matched the values predicted on 
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the basis of the kinetic parameters of the 
synthetase and hydrolase (Vermey, thesis 
Chapter 6 and 7). The coenzyme became 
specifically present under hydrogen-limited 
conditions Taken together, the F390 system 
provides the methanogen with an ingenious 
means to sense the metabolic (redox) status 
of the cells. In recent years it has been 
found that M thermoautotrophicum 
contains different sets of isoenzymes for a 
number of reactions in the central 
metabolism. The organism, for example, 
contains two differentially expressed 
methyl coenzyme M reductases (Bonacker 
et al., 1992, 1993) and regulation occurs at 
the transcriptional level (Pihl et al, 1994) 
It might be worthwhile to investigate, 
whether factor F390 plays a role in the 
regulation of the enzyme expression of the 
methyl coenzyme M reductases and other 
isoenzymes 
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ABSTRACT 
Methanobacterium thermoautotrophicum strain ΔΗ was grown in the fed-batch 
fermentor and in the chemostat under a variety of 80% hydrogen / 20% C 0 2 gassing 
regimes In the course of the growth, or after the establishment of steady-state conditions, 
the cells were analyzed for the content of 5,10-methenyltetrahydromethanoptenn, coenzy­
me F 4 2 0, the uncharged derivative (F0) of the latter, and adenylylated- and guanylylated 
coenzyme F 4 2 0 (factors F190-A and F190-G, respectively) The experiments were done to 
investigate if the compounds could serve as reporters of hydrogen stress (or hydrogen 
excess) situations Though we could measure significant growth condition-dependent 
variations in the cellular content of all the compounds, it were especially the factors F 1 9 0 
that accumulated in close agreement with the hydrogen regimes applied The results are 
discussed against the background of the biochemical reactions underlying the factor F 1 9 0 
synthesis and degradation, and in relation with a putative role as response regulators of the 
methanogenic metabolism 
INTRODUCTION 
Most methanogenic Archaea, 
including the organism studied here, 
Methanobacterium thermoautotrophium, 
derive their energy for growth from the 
reduction of C 0 2 to methane with 
hydrogen as the energy source (eqn 1) 
Carbon dioxide reduction proceeds 
in 7 consecutive enzymic steps with the 
participation of unique one-carbon car­
riers, including 5,6,7,8-tetrahydromethan-
optenn (H4MPT) and electron carriers, 
like the 5-deazaflavin coenzyme F 4 2 0 
(DiMarco et a l , 1990, Keltjens et a l , 
1990, Thauer et a l , 1993, Weiss and 
Thauer, 1993, Wolfe, 1991) Recent 
biochemical and molecular biological 
research surprisingly revealed that M 
thermoautotrophicum contains for a 
n u m b e r of r e a c t i o n s of t h e 
methanogenesis genetically distinct 
isoenzymes The organism harbours two 
different methylcoenzyme M reductases 
(MCR I and MCR II) that catalyze the 
terminal methane-forming reaction 
(Bonacker et a l , 1992, 1993, Rospert et 
a l , 1990) For the activation of hydrogen 
two types of hydrogenase are present an 
enzyme which uses coenzyme F 4 2 0 as the 
e lectron acceptor ( F 4 2 0 - r e d u c i n g 
hydrogenase, FRH), and a non-F4 2 0 
reducing type (methyl viologen-reducing 
hydrogenase, MVH) (Thauer et a l , 
1993) In M thermoautotrophicum two 
MVH isoenzymes (MVH I and MVH II) 
are present (Woo et al , 1993) In 
addition, the reduction of 5,10-methenyl-
H4MPT is catalyzed in the organism by 
two 5,10-methylene-H4MPT dehydro­
genase (MDH) isoenzymes a type (F 4 2 0-
MDH) which uses reduced coenzyme F 4 2 0 
as the cosubstrate and a species (H2-
MDH) which uses molecular hydrogen as 
the reductant (Thauer et a l , 1993, 
Zirngibl et a l , 1992) 
The rationale for the presence of 
the different sets of isoenzymes is not 
clear, but it may be related with the 
availability of the energy source, 
hydrogen First evidence for a role of the 
hydrogen potential as a factor governing 
4 H2 + CO, - ^ CH4 + 2 H 2 0 (AG0 = -130 7 kJ/mol CH4) (eqn 1) 
71 
Chapter 5 
isoenzyme expression was presented by 
Bonacker et al. (1992). The authors 
observed that in fed-batch cultures MCR 
II was preferentially present during the 
initial growth phase, notably under 
hydrogen-excess situations, whereas 
MCR I became the predominant 
isoenzyme in the subsequent hydrogen-
limited phases of growth. A growth 
phase-dependent transcription was found 
for the mRNA's encoding for the two 
MCR isoenzymes (Pihl et al., 1994), the 
two MDH isoenzymes (Nölling et al., 
1995), and polyferredoxin, an enzyme of 
unknown function, which is encoded by 
an operon that also harbours the 
structural genes of MVH I (Steigerwald 
et al., 1990, 1993). However, the energy 
supply may not be the only factor 
directing isoenzyme synthesis. Other 
factors, like the growth temperature and 
pH of the medium also affected the 
specific synthesis of the MCR 
isoenzymes (Bonacker et al., 1992). 
Apparently M. thermoautotrophi-
cum is able to respond to environmental 
changes by adapting the isoenzyme 
contents. Regulation of the MCR and 
MDH isoenzyme expression took place at 
the transcriptional level (Nölling et al., 
1995; Pihl et al., 1994). It now may be 
expected that the variations in the 
environmental conditions affect the 
intracellular concentrations of certain 
reporter compounds that subsequently 
trigger the response in enzyme synthesis 
(Pihl et al., 1994). Reporter compounds 
could be proteins or low-molecular-
weight cofactors, electron- or one-carbon 
carriers that are directly involved or 
closely linked to the central catabolic 
route. In the present paper we 
investigated the role of 5,10-methenyl-
H4MPT and coenzyme F420 derivatives 
(Fig. 1) as putative reporter compouds. 
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Fig. 1. The structures of coenzyme F4 2 0 (5), 
factor F390(9), F0 and 5,10-methenyl-H4MPT. 
The F„ structure is similar to the one of 
coenzyme F4 2 0 with the exception that F() 
lacks the phosphoryllactylglutamyl-glutamate 
side chain 
The former is an intermediate in the C 0 2 
reduction pathway. As the diglutamyl 
derivative, coenzyme F 4 2 0 (coenzyme F 4 2 0-
2) is the central electron carrier in 
catabolic and anabolic reactions in M. 
thermoautotrophicum (Ferry, 1992; 
Keltjens and van der Drift, 1986; Weiss 
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and Thauer, 1993) In the organism there 
is also a coenzyme F420 derivative (F0) 
p r e s e n t w h i c h l a c k s t h e 
phosphoryllactyldiglutamyl side chain 
Interestingly, in Methanosarcina barken 
F0 was found to accumulate in cells by 
the end of the growth and the subsequent 
stationary phase (Peck, 1989) Another 
type of coenzyme F420 derivatives is 
represented by 8-hydroxyadenylylated 
and 8-hydroxyguanylylated coenzyme 
F420, termed after the characteristic 
absorbance maxima of the chromophores 
at 390 nm, factor F390-A and factor F390-
G, respectively (Hausinger et a l , 1985) 
Previously, it was found that factor F390 
was synthesized, when growing cells 
were exposed to oxygen and that they 
were degraded after subsequent 
reestablishment of anaerobiosis (Kiener et 
a l , 1988) However, purification of the 
enzyme catalyzing factor F390 synthesis 
and characterization of the enzymic reac-
tion showed oxygen to be an indirect 
effector by its presence a strong compe-
tive inhibitor of the synthetase reaction, -
reduced coenzyme F420 (F420H2), is remo-
ved from the cells (Vermeij et a l , 1994) 
From this it may be predicted that factor 
F390 should also be detected in strictly 
anaerobic cells, where coenzyme F420H2 
concentrations have become low as a 
result of hydrogen limitation 
In this paper we monitored the 
variations of the above-mentioned 
c o m p o u n d s in c e l l s of M 
thermoautotrophicum grown under a 
variety of conditons in fed-batch and in 
continuous fermentors It will be shown 
that factor F390 is a particularly attractive 
candidate to serve as a reporter of 
hydrogen-limitation, and more generally 
of oxidative stress 
MATERIALS AND METHODS 
Organism and growth conditions 
M thermoautotrophicum (DSM 
1053) was grown in a 12 liter fermentor, 
containing 10 liter medium, or in a 0 5-1 
continuous fermentor with a culture 
volume of 300 ml under a H2/C02 
atmosphere (80%/20%) as described 
previously (Van Alebeek et a l , 1993) 
The basal medium contained the follo-
wing constituents (g per liter) KH2P04, 
6 8, Na2C03, 3 3, NH4C1, 2 1, cysteine 
HCl, 0 6, N a ^ 2H20, 0 6 Per liter 
medium 1 ml of a defined trace element 
solution (Schönheit et a l , 1979) was 
added During batch culture the sulfide 
concentration was kept at a constant level 
by the dropwise addition of a 0 5 M Na2S 
solution Under standard conditions 
growth was followed at 65°C and at pH 
7 0 Media for growth under MCR I and 
MCR II conditions were prepared 
according to an earlier publication 
(Bonacker et al , 1992) Under MCR I 
conditions M thermoautotrophicum was 
grown at 70DC and the pH was kept at 
6 5, while during growth under MCR II 
conditions the temperature was 55°C and 
the pH of the medium was maintained at 
7 5 In batch culture the media were 
gassed under vigorous stirring (1200 
rpm) at a rate of 1 9 1/min, except for 
MCR II conditions, when gassing rates 
amounted to 5 0 1/min During continuous 
culture growth was obtained on basal 
medium or on basal medium that 
contained 5-fold less NH4C1 (0 42 g/1) 
The media were gassed a rates varying 
between 3 and 12 1/h Dilution rates were 
varied between 0 020 and 0 137 h ' 
Sulfer-I uniting were obtained by a 10-
fold lower addition of sulfide and 
cysteine (0 06 g/1 cysteine HCl, 0 05 g/1 
and 0 06 g/1 Na2S 2H20) to the medi-
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Culture 
A 
В 
С 
MCR II 
I 
II 
III 
IV 
MCR I 
S 
dilution rate 
( h ' ) 
0.054 
0.150 
0.054 
0 067 
0.020 
0.137 
0.020 
0.137 
0 067 
0.067 
Growth conditions 
gassing rate 
(l/h) 
10 
10 
2.5 
12 
12 
12 
3 
3 
3 
7.5 
additional 
features 
-
-
-
0.42 g/1 NH<CL 
0.42 g/1 NH„CL 
0 42 g/1 NH 4CL 
0 42 g/1 NH 4CL 
0 42 g/1 NH 4CL 
0.42 g/1 NH 4CL 
0.06 g/1 cysteine-HCl, 0.05 
g/1 Na 2 S 2 0 3 -5H 2 0, 
0.06 g/1 Na2S-2H20 
O.D.5 7 8 
2.25 
1.55 
0.61 
0.55 
0.86 
1.23 
0.42 
0.33 
0.45 
0.14 
Table 1. Different growth conditions applied in the chemostat and the resulting O.D.57g during 
steady state 
um. The various continuous culture 
conditions and the resulting optical 
densities during steady state are 
summarized in Table 1. 
Sample collection and preparation 
Growth and cell density were 
monitored by measuring the optical 
density at 578 nm (O.D.578). In the course 
of growth (batch culture) or after the 
establishment of steady state conditions 
(chemostat) an appropriate amount of 
culture was anaerobically added to one 
volume of anoxic acetone kept in a 
evacuated bottle. The bottle was placed 
overnight in a shake incubator at room 
temperature. Next, the sample was 
centrifuged at 20,000 χ g at 4°C. This 
and the subsequent handlings were 
performed under air. The supernatant, 
containing cofactors, was decanted and 
concentrated by rotary evaporation to a 
final volume of 5 ml. The pH of the sam­
ple was adjusted to 5 with 2 M acetic 
acid. The samples were desalted on a 
Sep-рак C 1 8 cartridge (Waters Associates, 
Milford, MA) and lypholized to dryness. 
Before analysis the samples were 
dissolved in 1 ml demineralized water 
(Milli-Q) and passed through a 45 μ m 
filter (Schleier & Schuell, Dassel, FRG). 
Analytical methods 
Reversed-phase HPLC chromato­
graphy was performed on a Hewlett-
Packard 1090 liquid Chromatograph 
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equipped with an automated gradient 
system controlled by the Hewlett-Packard 
HPLC ChemStation (DOS Series) and an 
autosampler Separation took place at 
40°C at a flowrate of 0 8 ml/min on a 
LiChroCART 125-4 column packed with 
LiChrospher 100 RP-18 (5 μηι) column 
material (Merck) Using 25 and 125 μΐ 
amounts, each sample was analyzed four 
times by two different methods (I and II) 
described by Goms et al (1988) In 
Method (I) 4% methanol in 23 75 mM 
sodium acetate buffer (pH 6 0, solvent A) 
and 48% methanol in 10 mM sodium 
acetate buffer (pH 6 0, solvent B) served 
as solvent systems Subsequent to injec­
tion of the sample, the column was eluted 
for 3 min with solvent A, followed by a 
linear gradient of 0% to 100% solvent В 
in 15 min and a 3-min linear gradient of 
100% to 0% В After equilibration in 
solvent A for another 3 min, the system 
was prepared for a next analysis In 
Method (II) 4% methanol in 38 mM 
sodium formate buffer (pH 3 0, solvent 
C) and 48% methanol in 16 mM sodium 
formate buffer (pH 3 0, solvent D) were 
used as solvent systems Starting from 
sample injection, separation took place in 
a similar way as in Method I, notably a 
3-min equilibration in solvent C, 
followed by a 15-min linear gradient of 
0% to 100% solvent D, a 3-min linear 
gradient of 100% to 0% D, and a 3-min 
wash with solvent С Eluted compounds 
were detected with an diode array UV-
visible light detector set at multiple 
wavelenghts (260 nm, 300 nm and 400 
nm) and a fluorescence detector set at an 
excitation wavelenght of 390 nm and an 
emission wavelenght of 444 nm HPLC 
chromatograms and UV-visible light 
spectra of all relevant peaks were 
electronically stored for subsequent 
identification and quantification purposes 
The relevant compounds were identified 
on basis of the retention times, by their 
characteristic UV-visible light spectra and 
by comparison of the retention times with 
those of the appropriate standards (5,10-
methenyl-H4MPT, F420-2, F0, F390-A, F 3 9 0-
G and a mixture containing F 0 and the 
two-, three-, four- and five-glutamyl 
derivatives of F4 2 0) Quantification 
proceeded on the basis of calibration 
curves prepared from the standards 
Materials 
The purification of coenzyme F 4 2 0 
(F420-2) from M thermoautotrophicum 
was done as described before (Vermeij et 
al, 1994) Factor F190-A and factor F390-G 
were enzymatically synthesized as 
published before (Kengen et a l , 1989) F 0 
was a gift of Dr A Pol from our 
Department A mixture of F 4 2 0 analogs 
containing three, four and five glutamic 
acid residues in the side chain were 
isolated from M barken 5,10-Methenyl-
H4MPT was prepared by oxidation of 
5,10-Methelene-H4MPT with purified 
F420-MDH (te Brommelstroet et al , 
1991a) Gasses were supplied by Hoek-
Loos (Schiedam, The Netherlands) and 
freed from traces of oxygen by passage 
over a BASF RO-20 catalyst at room 
temperature (H2 containing gasses), or a 
prereduced BASF R3-11 catalyst at 
150°C (N2) The catalysts were a gift of 
BASF All other chemicals were 
purchased from Sigma Chemical Co or 
Merck and were of the highest grade 
available 
RESULTS 
Growth of M. thermoautotrophicum in 
fed-batch and continuous culture 
Growth in a fed-batch fermentor 
at constant gassing rate with hydrogen 
75 
Chapter 5 
and C 0 2 was characterized by a short 
period of exponential growth, in our 
system up to O D 5 7 8 ~ l , followed by a 
period at wich the cell density increased 
linearly in time until growth finally 
stopped During these latter two phases 
cell growth is limited by the hydrogen 
supply (Gorris et a l , 1988, Seely and 
Fahmey, 1984) Due to increased 
consumption rates by the increasing cell 
numbers, hydrogen, which is effectively 
available to the cells may drop to levels 
in the stationary phase that are too low to 
sustain growth Consequently, cells are 
faced with a continuously change in the 
H2 availability during the whole growth 
cycle 
Due to the relatively short period 
of exponential growth and the limited 
number of cells that could be collected 
during this period, studies were extended 
with continuous culture experiments The 
latter technique principally enables 
exponential growth to be followed over 
prolonged periods of time under a steady 
state hydrogen regime Howe\.~r, when 
M thermoautotrophicum was grown in a 
chemostat on basal medium, it appeared 
that steady state cells densities were 
governed by the hydrogen supply From 
Table 1, for instance, it may be seen that 
a four-fold increase in gassing rate 
resulted in an approximately four-fold 
higher О D
 5 7 8 Apparently, hydrogen 
behaved as the growth-limiting substrate 
To circumvent this, a nitrogen 
(ammonium) limitation was subsequently 
applied By varying gassing and dilution 
rates, a number of stable situations could 
be created ranging between hydrogen-
excess to hydrogen-hmitated conditions 
In addition, M thermoautotrophicum was 
grown, both in the fed-batch and in the 
chemostat under conditions where MCR I 
and MCR II were preferentially 
expressed Enzyme analysis confirmed 
that MCR I and MCR II were, indeed, 
the predominant isoenzymes under the 
respective conditions (data not shown) 
The effect of oxidative stress was studied 
by growing the organism in a medium 
containing a 10-fold lower concentration 
of reducing agents 
Effect of the growth conditions on the 
cellular concentra t ion of 5,10-
methenyl-H4MPT 
5,10-Methenyl-H4MPT is the 
substrate for two central isoenzymes of 
the methanogenesis, H2-MDH and F 4 2 0-
MDH The 5,10-methenyl-H 4MPT 
r e d u c t i o n is t h e r m o d y n a m i c a l 
unfavourable, especially at low H2 partial 
pressures (Weiss and Thauer, 1993) In 
addition, the H2-MDH exhibits a low 
affinity for H2 (Km - 80%, Zirngibl et a l , 
1992) Therefore, it is expected that the 
5,10-methenyl-H4MPT concentrations will 
strongly depend on the in situ hydrogen 
concentrations 5,10-Methenyl-H4MPT is 
the only oxygen-stable H4MPT derivative 
in the methanogenic route, which would 
lend it an advantage in serving as 
oxidative stress reporter The oxygen 
stability and the highly charatenstic UV-
visible light spectrum were fortituous 
properties in the analytical procedures 
Notwi ths tanding the vaste 
decrease in hydrogen concentration that 
must have occurred during the growth 
cycle, 5,10-methenyl-H4MPT levels 
remained approximately constant during 
growth under standard conditions in a 
fed-batch fermentor (Fig ЗА) Also 
under MCR I c o n d i t i o n s the 
concentrations did not vary much or, at 
the most, only slightly increased (Fig 
3B) During standard growth conditions 
(60°C) approximately two-fold higher 
5,10-methenyl-H4MPT levels were found 
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Fig. 2. The effect of the growth conditions in continuous culture on (A) the 5,10-methenyl-H4MPT 
levels, (B) coenzyme F420-2 (black) and F0 levels (gray) and (C) factor F390 levels in M. 
thermoautotrophicum. Culturing, sample preparation and cofactor analysis were performed as 
described in Materials and Methods and specified in Table 1. 
than under MCR I conditions (70°C). 
This is remarkable, since one would 
esteem hydrogen limitation to become 
more pregnant during MCR I conditions 
due to the lower solubility of the gas at 
the higher temperatures. In fact, the 
highest 5,10-methenyl-H4MPT contents 
were found in fed-batch culture during 
growth under MCR II conditions, despite 
the lower growth temperatures (55°C) and 
higher gassing rates at which growth was 
followed (Fig. 3C). Here, the cellular 
contents of the H4MPT-derivative clearly 
increased in the course of the growth. 
When M. thermoautotrophicum was 
cultured in the chemostat, 5,10-methenyl-
H4MPT concentrations were observed in 
concordance with the hydrogen regime 
applied: the levels became higher when 
more stringent hydrogen limitation was 
applied by lowering the gassing and the 
dilution rates (Fig. 2A). Minimal and 
maximal levels were measured under 
MCR II and MCR I conditions, 
respectively. 
Effect of growth conditions on the 
cellular concentrations of coenzyme 
F420 derivatives 
Both in fed-batch and continuous 
cultures, coenzyme F420-2 and F0 were the 
only F420-derivaties that were detected in 
substantial quantities. Coenzyme F420-3 
could also detected, but never exceeded 
0.1% of the total coenzyme F420-2 and F0 
contents. For Methanosarcina sp. it was 
found that F0 appeared towards the end 
of growth (Peck, 1989). This might 
indicate that F0 accumulated under 
energy-limited conditions. However, in 
M. thermoautotrophicum the uncharged 
coenzyme F420-derivative could be 
isolated from culture fluid that was 
collected during the early phases of 
growth (Kern et a l , 1983). 
Coenzyme F420-2 levels in cells 
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Fig. 3. The effect of the growth conditions on the cellular levels of 5,10-mefhenyl-H4MPT ( · ) in 
relation to the O.D.578 (•) in M. thermoautotrophicum grown in batch culture under (A) standard 
conditions, (B) MCR I conditions and (C) MCR II conditions. Culturing, sample preparation and 
5,10-methenyl-H4MPT analysis were performed as described in Materials and Methods. 
grown in the fed-batch fermentor under 
s tandard c o n d i t i o n s were high 
(approximately 0.8 μΓηοΙ/g d.w.) in 
agreement with the central role in 
methanogenic metabolism (Fig. 4A). The 
levels remained virtually constant in the 
course of growth. Under MCR I 
conditions a sudden raise in the 
coenzyme F420-2 contents was observed 
in the early growth phase (Fig. 4B). 
Hereafter, the compound slowly increased 
to reach levels amounting 1.8 μπιοΐ/g 
d.w.. Quite remarkably, only low and 
stable levels were measured 
throughout the growth cycles under 
standard and MCR I conditions. In 
striking contrast, extreme high F„ 
amounts (1.6 μΓηοΙ/g d.w.) were observed 
during the initial growth phase under 
MCR II conditions, which represents a 
hydrogen-excess situation (Fig. 4C). The 
levels declined in the subsequent growth 
phases. Initial cellular concentration of 
F420-2 were even higher (approximately 2 
цтоі/g d.w.), but subsequently the levels 
dropped to become stable in the late 
linear phase. Continuous cultures 
experiments confirmed the patterns with 
respect to the cellular levels of coenzyme 
F420-2 and F 0 (Fig. 2B). Highest amounts 
of the latter compound were measured 
under hydrogen-excess regimes, whereas 
the levels progressively diminished when 
hydrogen-limiting situations were 
encountered. 
The presence of factor F 3 9 0 in growing 
ceils of M. thermoautotrophicum 
Previously it was found that factor 
F 3 9 0 -A and factor F 3 9 0 -G were 
synthesized, when growing cells of 
certain methanogens were exposed to 
oxygen (Hausinger et al., 1985; Kiener et 
al., 1988). Subsequent removal of oxygen 
resulted in the disappearance of the 
compounds. We could confirm the results 
by Kiener et al. (1988). Addition of 5% 
oxygen to the gassing mixture caused a 
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Fig. 4. Effect of the growth conditions on the cellular concentrations of coenzyme F420-2 ( · ) and 
F0 (*) in relation to the O.D.578 (•) in M. thermoautotrophicum during batch culture under (A) 
standard conditions, (B) MCR I conditions and (C) MCR II conditions. Culturing, sample 
preparation and cofactor analysis were performed as described in Materials and Methods. 
steady increase of factor F J 9 0 at the 
expense of coenzyme F420-2. When 
oxygen addition was stopped, factor F 3 9 0 
was degraded with the concomitant 
increase of coenzyme F420-2 (data not 
shown). F 0 concentrations remained 
unaffected during the entire procedure. 
This is in agreement with biochemical 
studies by Kengen et al. (1989), who 
demonstated that F420-2, rather then F0, is 
the specific substrate in the ATP-
dependent F 3 9 0 synthetase reaction in M. 
thermoautotrophicum. 
However, we could detect factor 
F 3 9 0 both in fed-batch and continuous 
cultures grown and sampled under 
carefully controlled anoxic conditions 
(Figs. 2C and 5). Factor F 3 9 0 was present 
in only low amounts. The compounds 
could be identified and quantified using 
relatively large sample volumes (125 μΐ) 
and taking advantage of the fluoresence 
properties at acid pH (HPLC method II). 
Once detected by the latter method, their 
presence in the different samples could 
be confirmed from characteristic UV-
visible light spectra that were recorded of 
eluted peaks. It should be mentioned that 
the data presented in Figs. 2C and 5 
apply to the adenylylated derivative 
(factor F390-A). Factor F3 9 0-G was also 
found albeit in lower amounts. 
During growth under standard 
conditions in fed-batch culture factor F 3 9 0 
appeared in the course of the linear 
growth phase (Fig. 5A). Under MCR I 
conditions, which represent a hydrogen-
l i m i t e d c u l t u r e t y p e , h i g h e r 
concentrations were detected even earlier 
(Fig. 5B). In contrast, the compounds 
were absent over a prolonged period of 
time, when growth was performed under 
MCR II conditions (Fig. 5C). Yet, levels 
suddenly rised at the entry of the 
stationary phase. This certainly has to do 
with the fact that sulfide addition was 
stopped at that time. Vigorous gassing 
removed the reductant as volatile H,S out 
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Fig. 5. The effect of the growth conditions on the presence of factor F3 g o ( · ) in relation to the 
O.D.578 (•) in growing cells of M. thermoautotrophicum in batch culture under (A) standard 
conditions, (B) MCR I conditions and (C) MCR II conditions. Culturing, sample preparation and 
factor F3 9 0 analysis were performed as described in Materials and Methods. 
of the fermentor and once Na2S addition 
was stopped, sulfide concentrations 
dropped within an hour to levels that 
were beyond detection. This also explains 
the increase in factor F 3 9 0 contents at the 
end of the growth under standard and 
MCR I conditions. The effect of the 
medium reduction was confirmed by the 
observation that relatively high cellular 
concentrations (85 nmol/g d.w.) already 
could be measured at the beginning of 
the linear phase, when sulfide in the 
growth medium was supplemented by the 
same concentration of the weaker 
reductant Na2S2Oa. Moreover, cells grown 
in the presence of 10-fold lower 
concentrations of reducing agents 
contained comparable high amounts of 
factor F 3 9 0 (72.5 nmol/g d.w.). 
Continuous culture experiments gave 
fully consistent results (Fig. 2C). Factor 
F 3 9 0 remained undetectable under 
apparent hydrogen-excess situations. The 
compound was, however, present when 
growth occurred at lower gassing rates, 
showing a tendency to increase with the 
stringency of the hydrogen regime 
applied. 
DISCUSSION 
During growth in a fed-batch 
fermentor methanogenic bacteria growing 
on hydrogen and C 0 2 are faced with vast 
changes in the availability of the energy 
s o u r c e , h y d r o g e n . M. 
thermoautotrophicum is able to respond 
to the changes by the differential 
expression of certain isoenzymes of the 
methanogenic pathway (Bonacker et al., 
1992, 1993; Nölling et al., 1995; Pihl et 
al., 1994). It has been shown that the 
regulation of the methylcoenzyme M 
reductase and 5,10-methylene-H4MPT 
dehydrogenase isoenzymes occurred at 
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the transcriptional level (Nölling et al., 
1995; Pihl et al., 1994). Such regulatory 
events presume the presence of certain 
reporter compounds that trigger the 
response in enzyme synthesis. The 
reporter should be present, for instance 
by the action of a sensor system, in 
concentrations that carefully reflect the 
metabolic status of the cells, in our case 
hydrogen limitation or hydrogen excess. 
The purpose of the present paper was to 
identify such a reporter. On the basis of 
the available literature, theoretical 
considerations and analytical posibilities, 
a number of putative candidates were 
selected, notably 5,10-methenyl-H4MPT, 
coenzyme F420-2, its uncharged derivative 
F0 and the factor F390. To study the effect 
of the growth conditions on the cellular 
concentrations, M. thermoautotrophicum 
was cultured in a batch fermentor and in 
a chemostat under a variety of hydrogen 
regimes. The results will be discussed 
against the background of the general 
properties of reporter compounds. 
With respect to 5,10-methenyl-
H4MPT clear variations in the cellular 
levels could be measured (Figs. 2A and 
3). Notably under MCR II conditions, the 
concentrations significantly increased in 
the course of the growth cycle (Fig. 3C). 
However, levels were remarkably higher 
than under standard and MCR I 
conditions, where hydrogen limitation 
played a more pregnant role. Moreover, 
the levels remained about constant under 
the latter two conditions. We recently 
found that H2-MDH, which functions as a 
low-affinity uptake hydrogenase, is 
preferentially expressed under MCR II 
conditions (Chapter 7 of this thesis). Its 
counterpart, coenzyme F420-MDH, which 
receives its substrate, coenzyme F420H2, 
via the action of the low-hydrogen-
affinity F420-reducing hydrogenase, is the 
predominant enzyme under MCR I 
conditions. During growth in the fed-
batch fermentor under standard 
conditions a shift occurred in the levels 
of both isoenzymes: H2-MDH being the 
major representative at early growth 
phase was replaced by F420-MDH during 
the subsequent hydrogen-limited growth 
phases (Nolling et al., 1995; Chapter 6 of 
this thesis). The observed variations in 
the 5,10-methenyl-H4MPT content may 
only partly be affected by changes in the 
hydrogen concentrations (Fig. 2A); they 
seem to be primarily the result of 
changes in the MDH isoenzyme levels. It 
may be clear that the latter aspect 
interferes with a role of 5,10-methenyl-
H4MPT as a reporter compound. 
In our experiments we noticed 
some dramatic changes in F0 contents of 
the cells (Figs. 2B and 4). The compound 
was abundantly present under conditions 
characterized by hydrogen-excess 
situations. During growth under standard 
and MCR I conditions only low and 
stable F0 amounts were detected, despite 
the apparent changes in hydrogen 
availability that must have occurred 
during the whole growth cycle. This 
obviously pleads against F0 as a 
"hydrogen-reporter". The growth 
condition-dependent accumulation of F0 
might be the result of the degradation of 
the biochemical active species, coenzyme 
F420-2 (Peck, 1989). Alternatively, F0 
could be overproduced as an intermediate 
in the F420-2 biosynthesis (Kern et al., 
1984). Though more detailed work has to 
be done to substantiate this, our 
experiments favour the latter explanation. 
From Fig. 4C, for example, it may be 
seen that the F0 levels decreased in the 
linear and stationary growth phases, 
whereas F420-2 contents slightly increased, 
which in fact represents a net synthesis 
81 
Chapter 5 
CO, 
H, 
formyl-MFR 
MFR 
5,10-methenyl-H4MPT 
© 
-Q--jfF42oH2-
F a P n - * < ± > - ^ F420 · * -
H2 
f A 
R-SH 
5-methyl-H4MPT 
R-S 
AMP 
· -© · - - HS-CoM-
S-R methyl- S-CoM 
HS-HTP 
" O "CoM-S-S-HTP-*-
H P CH4 
Fig. 6. Scheme showing the interconnection between the methanogenic pathway from C02 to 
methane and factor F390 metabolism (Vermeij et al., 1994; Chapter 4 of this thesis). The 
methanogenic pathway and the factor F39(l system are schematically represented at the right hand 
and left hand side of the Figure, respectively. Enzymes: 1, factor F39() synthetase; 2, factor F390 
hydrolase. +, stimulation; -, inhibition; R-SH, thiol containing activator; R-S-S-R, disulfide-
containing inactivator. Methanogenic coenzymes: MFR, methanofuran; H4MPT, 
tertrahydromethanopterin. +, stimulation; -, inhibition. 
of the compound due to the growing 
biomass, indicating a F420-2 biosynthesis 
at the expense of F0. The opposite, a 
decrease in F420-2 and concomitant 
increase of Fn, was never observed. 
whole cells of methanogenic bacteria has 
only been demonstrated under artificially 
imposed conditions, viz. treatment with 
oxygen (Gloss and Hausinger, 1985; 
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Kiener et a l , 1988) Here, first-time 
evidence is presented that factor F190 can 
also be detected under strict anoxic 
physiological conditions Interestingly, 
factor F190 was specifically present, when 
cells suffered from hydrogen limitation or 
oxidative stress (Figs 2C and 5) Its 
presence is quite nicely understood from 
the biochemical reactions underlying the 
factor F390 metabolism (Kengen et al , 
1991a, 1991b, Vermeij et al , 1994, 
Chapter 4 of this thesis, Fig 6) The 
ATP- (and GTP-) dependent synthesis of 
factor F190 is catalyzed by the enzyme 
factor F JM synthetase, whose activity is 
strongly inhibited by coenzyme F42()H2 
(Vermeij et a l , 1994) The enzyme 
catalyzing factor F , w hydrolysis into 
coenzyme F420 and AMP, factor F19() 
hydrolase, is a redox-sensitive protein 
(Chapter 4 of this thesis) Reductive 
activation, which occurs at an apparent E0 
of -220mV, is achieved by thiols, 
whereas the S-S compounds cause an 
oxidative inactivation It may be 
noteworthy to mention that coenzyme M 
(HS-CoM) quite specifically acts as an 
activator, while the heterodisulfide of 
HS-CoM and 7-mercaptoheptonoyl-L· 
threonine phosphate (HS-HTP) is an 
inactivator (Chapter 4 of this thesis) If 
one assumes the intracellular redox 
potential and the coenzyme F420 and 
coenzyme F420H2 concentrations to be in 
equilibrium with the hydrogen partial 
pressure, it may be calculated from the 
midpoint potential of the couple 
coenzyme F420/coenzyme F420H2, the 
kinetic constants of the synthetase and 
hydrolase reactions, from the specific 
activities of both enzymes and the total 
coenzyme F420-2 concentration in whole 
cells, that at neutral pH, factor FW) 
contents will be below 1 nmol/g d w of 
cells at redox potentials below -350 mV 
(pH2 higher than -700 Pa) By the same 
calculations it may be predicted that at 
redox potentials between -350 mV and -
300 mV, which correspond to growth-
limiting pH2 values varying between 700 
and 15 Pa (Conrad and Wetter, 1990), 
factor F190 will be present in amounts 
increasing from 1 to 10 nmol/g d w 
These are exactly the values that were 
found experimentally (Figs 2C and 5) 
Oxidative inactivation of factor F190 
hydrolase may induce factor F190 to 
accumulate to higher levels, as was 
found, when M thermoautotrophicum 
was grown in fed-batch fermentor with 
the relative poor reductant Na2S20-, or in 
the chemostat with 10-fold lower 
concentrations of reducing agents In 
addition, factor F190 synthetase is 
optimally active at acidic pH, factor F190 
hydrolase shows an optimal activity at 
slightly alkaline conditions (Kengen et 
a l , 1989, 1991a) These properties are in 
accordance with the specific presence in 
relatively high amounts and absence of 
factor F190 under MCR I and MCR II 
conditions, respectively By the factor 
F,9o system, M thermoautotrophicum and 
other methanogenic bacteria for which 
the compound was described (7, 28), 
possess a well-tuned sensor apparatus to 
measure hydrogen concentrations, and in 
a broader context, oxidative stress In the 
following chapters of this thesis it will be 
shown that the presence of factor F190 
correlates with the presence of certain 
sets of isoenzymes and functional 
equivalent enzymes which effectively 
catalyze the same reaction The 
challenging idea to test is, whether factor 
F190 also acts as response regulator in the 
(iso)enzyme synthesis 
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Enzyme content of M. thermoautotrophicum during growth in a fed-batch fermentor 
ABSTRACT 
Methanobacterium thermoautotrophicum contains, for a number of reactions involved 
in the methanogenesis from C0 2 and hydrogen, isoenzymes or functional equivalent enzymes. 
To test whether the expression of these enzymes is regulated in a coordinated way in relation 
to the hydrogen availability, the organism was grown in a fed-batch fermentor under various 
conditions. In the course of growth cells were analyzed for the hydrogen-dependent methane 
production rates. In addition, the cellular methyl-coenzyme M reductase isoenzyme (MCR I 
and MCR II) levels were determined, as well as the specific activities of H2-producing- and 
coenzyme F420-utilizing methylenetetrahydromethanopterin dehydrogenase (H2-MDH and F420-
MDH), total (benzyl viologen-reducing; BVH) and coenzyme F420-reducing hydrogenase 
(FRH). Under standard growth conditions, cells were found to maintain the rates of 
methanogenesis by lowering the affinity for hydrogen; the apparent K,(H2) gradually 
decreased from 16% to 4-6% in going from exponential- to stationary phase. Parallel with this 
decrease the MCR II and H2-MDH levels declined. Under conditions which favoured MCR 
II expression (abundant hydrogen supply), the increase in MCR II levels was not accompanied 
by a increase of H2-MDH. Under conditions that were characterized by high MCR I 
expression and low MCR II levels (growth-limiting hydrogen supply), the increase in MCR 
I was accompanied by an increase in FRH levels towards the stationary phase. These data 
suggested that, although the regulation of the expression of methanogenic enzymes appears 
to be under the control of the hydrogen availability, the sets of enzymes are not co-
transcribed. 
INTRODUCTION 
Methanogenic bacteria belong to the 
primary kingdom of the Archaea. They are 
obligatory anaerobic micro-organisms, that 
derive their energy for growth from the 
production of methane from a restricted 
group of substrates. The mechanism of 
methane formation has been resolved from 
the organism used in this study, 
Methanobacterium thermoautotrophicum, 
which like most methanogens reduces C0 2 
with H2 to methane according eqn. 1. 
The actual free energy change of the 
reaction is strongly dependent on the 
hydrogen concentrations (Keltjens and Van 
der Drift, 1986; Thauer, 1990; Thauer et 
al., 1993). When grown in a fed-batch 
fermentor cells will be faced with dramatic 
changes in hydrogen concentrations. 
During the initial growth phase H2 
concentrations will be high (pH2 = 0.8 
atm). Mass transfer limitations and the 
increased H2 consumption at high cell 
densities may decrease the gas 
concentrations down to levels, where it 
becomes growth-limiting. 
Conversion of C0 2 to methane 
proceeds through a unique series of 
reactions (Fig. 1). Remarkably, M. 
thermoautotrophicum harbours sets of 
isoenzymes or functionally equivalent 
enzymes for a number of key reactions. 
From the organism three hydrogenases 
have been purified and characterized. The 
first, coenzyme F420-reducing hydrogenase 
(FRH) uses coenzyme F420 as the electron 
4 H2 + C0 2 -> CH4 + 2 H20 (AG°'= -130.4 kJ/mol) (eqn. 1) 
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Fig. 1. Metabolic pathway of methanogenesis from hydrogen and C0 2 in M. thermoautotrophicum. 
Isoenzymes and functionally equivalent enzymes catalyzing the same step and involved in the C0 2 
reduction with H2 to CH4 are in bold letters. Methanogenic coenzymes: MFR, methanofuran; H4MPT, 
tetrahydromethanopterin; CoM, coenzyme M or 2-mercaptoethanesulfonate; H-S-HTP, Ν-Ί-
mercaptoheptanoyl-¿-threonine phosphate; CoM-S-S-HTP, heterodisulfide of CoM and HS-HTP. 
acceptor (Fox et al., 1982). The other two, 
that are unable to reduce coenzyme F420, 
use viologen dyes as artificial substrates 
and are therefore called methyl viologen-
reducing hydrogenase I (MVH I; Jacobson 
et al., 1982) and methyl viologen-reducing 
hydrogenase II (MVH II; Woo et al., 
1993). The second reaction for which M. 
thermoautotrophicum contains a set of 
enzymes is the interconversion of 5,10-
methenyltetrahydromethanopterin into 5,10-
methylenetetrahydromethanopterin, which 
is catalyzed by methylenetetrahydro-
methanopterin dehydrogenase (MDH). Of 
the two genetically distinct enzymes one 
type uses coenzyme F420 as substrate (F420-
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MDH, te Brommelstroet et a l , 1991), 
while the other type directly reacts with 
hydrogen (H2-MDH, Zimgibl et a l , 1992) 
For the terminal methane-forming reaction 
two genetically distinct and differentially 
expressed methyl-coenzyme M reductases 
(MCR's) are available, designated MCR I 
and MCR II (Bonacker et a l , 1992, 
Rospert et a l , 1990) MCR II was found to 
be the predominant enzyme in cells in the 
exponential growth phase, at later growth 
stages MCR I predominated Subsequent 
work showed that MCR I was 
preferentially expressed under conditions 
where the substrate/energy supply was 
limiting for growth (70°C, pH 6 5, low 
gassing rates), whereas MCR II was 
expressed under opposite conditions (55°C, 
pH 7 5, high gassing rates) Recent studies 
demonstrated that the differential 
expression of the MCR isoenzymes was 
regulated at the transcriptional level (Pihl 
et a l , 1994) Such differential expression 
at RNA level was also demonstrated for 
the two MDH's in M thermoautotrophicum 
(Nolling et a l , 1995) mRNA encoding for 
H2-MDH was preferentially present during 
the first phases of growth, while F420-MDH 
mRNA was the dominant form during the 
linear and stationary growth phase The 
same authors did not observe differential 
expression on the transcriptional level for 
FRH and MVH I 
The rationale for the presence of 
the various enzymes is not yet clear As 
pointed out, during growth cells will 
encounter vast changes in hydrogen 
concentrations The purpose of the present 
study was to investigate, whether M 
thermoautotrophicum could respond to the 
variation in hydrogen availability by the 
concomitant synthesis of different sets of 
enzymes 
MATERIALS AND METHODS 
Chemicals and gasses 
Dithiothreitol was purchased from 
Serva Feinbiochimica Centn prep YM-10 
concentrators were from Amicon Gasses 
were supplied by Hoek-Loos (Schiedam, 
The Netherlands), and were freed from 
traces of oxygen by passage over a BASF 
RO-20 catalyst (H2 containing gasses) or a 
prereduced BASF R3-11 catalyst at 150°C 
(N2 containing gasses) The catalysts were 
a gift of BASF All other chemicals used 
were of highest grade available and were 
obtained from Merck or Sigma Chemical 
Co unless otherwise noted Tetrahydro-
methanoptenn (Η,,ΜΡΤ) and coenzyme FA20 
were isolated from M thermoauto­
trophicum (strain ΔΗ) as described before 
(te Brommelstroet et a l , 1990) 
Organism and growth conditions 
M thermoautotrophicum strain ΔΗ 
(DSM 1053) and Methanobactenum wolfei 
(DSM 2970) were grown in a 12-1 
fermentor containing 10-1 mineral medium 
as described by Schönheit et al (1979) 
under H2/C02 (80%/20%, vol/vol) 
atmosphere M wolfei was harvested under 
nitrogen with a Sharpless continuous 
centrifuge before the entry of the linear 
growth phase Preparation of M wolfei cell 
lysate by autolysis and determination of 
the pseudomurein endopeptidase activity in 
crude extract were performed as descibed 
before (Kiener et a l , 1987) Growth of M 
thermoautotrophicum under standard 
conditions was performed at 65°C, pH 7 0 
and at a constant gassing rate of 1 9 1/min 
Alternatively, cells were cultured at 70°C, 
pH 7 5 and 1 1/min, or at 55°C, pH 6 5 
and 5 1/min , conditions at which MCR I 
and MCR II, respectively, were 
preferentially expressed (Bonacker et a l , 
1992) During growth under all conditions, 
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the sulfide concentration was kept at a 
constant level by the dropwise addition of 
0.5 M Na2S solution. 
Sample collection and extract 
preparation 
Growth was monitored by 
measuring the optical density at 578 nm 
(O.D.,78). At regular time intervals cells 
samples were anoxically taken for 
hydrogen uptake studies and for extract 
preparation. Cells, used for the prepararion 
of crude cell-free extracts for the 
measurement of the enzyme activities, 
were anaerobically centnfuged ( 19,200 χ g; 
20 min; 4°C) and resuspended in anoxic 50 
mM potassium phosphate buffer (pH 7.0) 
containing 1 M sucrose, 5.5 mM MgCl2, 
25 mM NaCl, 10 mM dithiothreitol (buffer 
A; Mountfort et al., 1986) and 10-100 μ 1 
M. wolfei crude lysate was added. 
Following an incubation at 60°C under 
hydrogen atmosphere for 45 min, intact 
cells were removed by centri fugation (2 
min; 15,000 χ g; ambient temperature) in 
an Eppendorf centrifuge placed in an 
anaerobic glovebox. The supernatant was 
transferred to a new Eppendorf tube and 
protoplasts were harvested by centifugation 
(20 min; 15,000 χ g; ambient temperature). 
After resuspending in buffer A, the 
protoplasts were stored under N2/H2 
atmosphere (97.5%/2.5%; vol/vol) at -20°C. 
To obtain cell free extracts, immediately 
before use, the protoplasts were lysed by 
diluting the protoplast suspension in one of 
the buffers indicated below. For the 
determination of the methyl-coenzyme M 
reductase (MCR) levels, the cells were 
concentrated under air by centnfugation 
(19,200 χ g; 20 min; 4°C) and resuspended 
in 50 mM potassium phosphate buffer (pH 
7.0), and sonicated under air at 0°C for 10 
min (total sonication time 3 min) using a 
energy output of 100 W. Cell debris and 
unbroken cells were removed by 
centnfugation at 15,000 χ g at 4°C for 30 
min. The supernatant, designated MCR cell 
extract, was subsequently analyzed for the 
MCR content as described below. 
Spectrophotometric enzyme assays 
Enzyme assays were performed in 
duplicate or triplicate, in 1.2-ml cuvettes 
closed with a rubber stopper. Reaction 
mixtures were prepared inside the 
anaerobic glove box; the atmosphere was 
subsequently exchanged by repeated cycles 
of evacuation and gassing with the desired 
gas. Further additions were made with gas-
tight microliter syringes. 
Coenzyme F420-reducing (FRH) and 
benzyl viologen-reducing hydrogenase 
(BVH) activities were spectrophoto-
metrically measured at 60°C under H2 
atmosphere (1.3 kPa) in a reaction mixture 
(1 ml) containing 50 mM TRIS/HC1 (pH 
7.6), 10 mM dithiothreitol, 2 M KCl and 
either 0.45 mM benzyl viologen or 32 μΜ 
coenzyme F 4 2 0 . Protoplastst were diluted 
25-fold in 50 mM TRIS/HC1 (pH 8.3) 
containing 10 mM dithiothreitol. Reactions 
were started by the addition of 10-50 μΐ 
protoplast extract and were followed either 
at 578 nm (benzyl viologen; ε5 7 8 = 8.6 
mM ' cm ') or at 401 nm (coenzyme F 4 2 0 ; 
e«, = 25.6 mM'1 · cm"1). One unit of BVH 
and FRH activities were defined as the 
amount of enzyme required to catalyze the 
reduction of 2 μ mol benzyl viologen or 1 
μπιοί coenzyme F 4 2 0 per min, respectively. 
Since benzyl viologen acts as a substrate 
of FRH, MVH I and MVH II, benzyl 
viologen reducing activity gives an 
indication of the total hydrogenase content 
of the cells. 
Methylene-H4MPT dehydrogenase 
(MDH) was assayed spectrophotometncally 
at 60°C under N2 atmosphere. The 1-ml 
reaction mixture was composed of 25 mM 
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potassium phosphate (pH 6 0), 1 M NaCl, 
24 μΜ H4MPT, 2 mM formaldehyde and, 
if required, 40 μΜ coenzyme F 4 2 0 
Reactions were followed at 335 nm in the 
direction of 5,10-methenyl-H4MPT 
formation (ε3 3 5 = 22 4 mM ' cm') 
Protoplastst were diluted 25-fold in aerobic 
MDH assay buffer (F420-MDH) or in 
anaerobic MDH assay buffer (H2-MDH 
and total MDH) By dilution in aerobic 
buffer, H2-MDH was irreversiblely 
inactivated and thus did not interfere with 
the determination of the oxygen-stable F 4 2 0-
MDH The reactions were started by the 
addition of 50 μΐ diluted protoplasts 
Quantification of the M CR isoenzyme 
levels 
For the determination of the MCR 
isoenzymes one volume of the MCR cell 
extract was adjusted to 80% ammonium 
sulfate saturation by slowly adding 4 
volumes of saturated and neutralized 
aqueous ammonium sulfate Hereafter, the 
samples were gently stirred overnight at 
4°C Proteins were precipitated by means 
of centnfugation (40 min, 39,000 χ g, 
4°C) The MCR-containing supematants 
were dialyzed overnight against 4 1 of a 50 
mM potassium phosphate buffer (pH 7 0), 
followed by concentration to a final 
volume of 0 5 ml using an Centnprep YM-
10 concentrator Separation and 
quantification of the two MCR isoenzymes 
was performed on a Merck-Hichtachi LV-
4000 FPLC system Samples (0 2 mg 
protein) were loaded onto a TSK DEAE-
5PW column (0 75 χ 7 5 cm, flow 1 0 
ml/min, 20°C, TosoHaas, Montgomeryville, 
PA) equilibrated in 50 mM TRIS/HC1 (pH 
7 0) The column was developed with a 30-
ml gradient of 0 to 500 mM NaCl in 50 
mM TRIS/HC1 buffer (pH 7 0) The eluate 
was monitored at 430 nm, which is the 
characteristic absorbance maximum of the 
prosthetic group (factor F4 1 0) of MCR 
Under these conditions MCR I and MCR II 
were eluted at 26 0 and 210 mm, 
respectively Their identity was established 
by testing the respective protein formation 
on SDS-PAGE using a PhastSystem 
apparatus operated according to the 
instruction of the manufacturer 
(Pharmacia) MCR I and MCR II are easily 
distinguished on basis of size difference of 
the γ subunits, showing molecular sizes of 
38 kDa and 33 kDa, respectively MCR 
levels are expressed as arbitrary units 
(AU), viz peak areas corrected for the 
amount of cells used for sample 
preparation 
Methane production by whole cells 
Methane production rates in the 
fermentor were estimated by measuring the 
incoming and outcoming gas flows 
assuming a conversion according to eqn 1 
and ignoring a gas-consumption for 
biomass formation Hydrogen uptake 
studies were performed with cells collected 
from the fermentor After centnfugation 
(19,200 χ g, 20 min, 4°C) cells were 
resuspended to an О D
 5 7 8 of 1 in growth 
medium lacking NH4C1 and trace elements 
Subsequently, 2 5-ml portions (0 8 mg dry 
weight of cells) were divided over a 
duplicate senes of 50-ml serum bottles that 
were gassed with 20% C 0 2 and H2 varying 
between 5% and 80% The reaction 
mixtures were incubated in a rotary shaker 
(250 rpm) at 60°C and at regular time 
intervals gas samples were taken Under 
experimental conditions the rates of 
methane formation were not limited by the 
hydrogen mass transfer Methane was 
determined using ethane as an internal 
standard, 100-μ1 amounts of the headspace 
were analyzed on a Pye Unicam GCD-
chromatograph equipped with a Porapack 
Q 100-200 mesh column 
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Fig. 2. Growth of M.thermoautotrophicum under standard condition. Growth conditions were as 
specified in Materials and Methods (Symbols: •. methane production rates by the fermentor; *, 
specific methane production rates by whole cells; · O.D.57g). 
Protein determination 
Protein was determined with the 
Bio-Rad protein reagent with bovine serum 
albumin as standard (Bio-Rad Labora­
tories). 
RESULTS 
Growth of Methanobacterium thermoau­
totrophicum under standard conditions 
Growth of M. thermoautotrophicum 
under experimental standard conditions was 
characterized by a short exponential growth 
phase up to an O.D.57g of 1-1.2, followed 
by a period at which the cell density 
increased linearly in time (Fig. 2) under 
conditions applied. Growth stopped at an 
O.D.578 of 2-2.5. 
The rate of methane formation 
rapidly increased until a maximal value of 
2.8 mmol · min"1 · liter culture"1 was 
reached early in the growth cycle. Higher 
gassing rates resulted in a prolonged 
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exponential phase, increased growth rates 
during linear phase and final optical 
densities up to O.D.578 of 5-6 (data not 
shown). This suggested that in the linear 
and stationary phases growth was 
determined by the gas, viz. hydrogen 
supply. During the stationary phase, at 
which cells still actively produced 
methane, the hydrogen concentrations, that 
effectively are available for the cells must 
have dropped to levels that do not support 
growth, and which could be as low as 15 
Pa (Conrad and Wetter, 1990). 
The specific rates of methane 
formation remained about a constant value 
of 3.5 μπιοί · min"1 · mg dry weight"' 
during growth, to drop somewhat during 
the stationary phase (2.8 μιτιοί · min"' · mg 
dry weight"1). In order to maintain these 
specific activities cells should contain a 
high-affinity hydrogen uptake system 
throughout the whole growth cycle. 
Alternatively, cells could respond to the 
apparent decrease in hydrogen 
concentrations by altering the affinity for 
the gas. Hydrogen uptake studies 
performed with cells collected from 
different growth phases showed the latter 
possibility to be correct. In the exponential 
growth phase a half maximum rate of 
methane formation was found at 15%. The 
value steadily decreased to an apparent 
K5(H2) between 4% and 6% in the 
subsequent linear and stationary phases. 
Isoenzyme content under standard 
conditions 
The decreasing KS(H2) values 
indicated that cells were able to adapt their 
methanogenic apparatus in response to a 
decreasing H2 availability in the course of 
the growth. To find out, if adaptation 
occurred by differential changes in 
isoenzyme synthesis, cells collected in the 
course of growth were analyzed for the 
total hydrogenase (BVH) and FRH 
Time 
(hour) 
0.00 
2.15 
4.30 
6.45 
23.45 
27.45 
O.D.578 
0.98 
1.16 
1.41 
1.60 
2 05 
1.93 
Hydrogenase 
(U mg') 
BV-redu-
cing 
9.8 
12.0 
7.2 
11.0 
12.0 
5.8 
^ 4 2 1 ) " 
reducing 
2.7 
7.3 
3.9 
8.2 
6.9 
6.6 
] 
H 2-I 
1.1 
1 1 
1.0 
0.9 
0.5 
0 2 
vlethylene-H4MPT 
dehydrogenase 
(U mg') 
vIDH F42,,-MDH 
39 
3.7 
3.7 
36 
32 
2.5 
Methyl-coenzyme M 
reductase 
(AU · mg ') 
II 
1.4 
0.8 
1.0 
1.0 
0.3 
0 2 
I 
5.3 
6.6 
6.9 
3.9 
3.5 
4 2 
Table 1. Specific benzyl viologen-reducing hydrogenase activity, coenzyme F42ll-reducing hydrogenase 
activity, H2-reducing and coenzyme F420-dependent methylenetetrahydromethanopterin dehydrogenase 
activity, and methyl-coenzyme M reductase II and I levels in cell extracts from M 
thermoautotrophicum (strain ΔΗ) grown under standard conditions. Culturing and enzyme 
determination were performed as described in Materials and Methods. 
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Time 
(hour) 
0 00 
2 00 
4 00 
5 30 
14 30 
23 00 
O D 5 7 8 
0 84 
1 07 
1 30 
1 85 
2 24 
2 45 
Hydrogenase 
BV-
(U 
reducing 
2 2 
2 7 
3 2 
3 4 
140 
170 
mg ') 
**420~ 
reducing 
1 5 
1 0 
2 1 
2 7 
6 0 
11 0 
Methylene H4MPT 
dehydrogenase 
(U 
H,-MDH 
1 9 
0 9 
1 4 
1 2 
3 3 
2 6 
m g ' ) 
F<2o-MDH 
3 7 
2 9 
3 3 
2 8 
4 2 
2 6 
Methyl-coenzyme M 
reductase 
(AU 
II 
0 6 
N D 
0 3 
0 2 
1 2 
0 4 
m g ' ) 
I 
8 0 
6 5 
8 5 
7 5 
21 0 
20 0 
N D , not determined 
Table 2. Specific benzyl viologen-reducing hydrogenase activity, coenzyme F420-reducing hydrogenase 
activity, Hj-reducing and coenzyme F420-dependent methylenetetrahydromethanoptenn dehydrogenase 
activities, and methyl-coenzyme M reductase II and I levels in cell extracts from M 
thermoautotrophicum (strain ΔΗ) grown under MCRI conditions Cultunng and enzyme determination 
were performed as described in Materials and Methods 
activities, H2- and F420-MDH, and MCR I 
and MCR II levels (Table 1) It can be 
seen that the total (MVH) hydrogenase 
activity remained about constant, as was 
observed for the FRH activities although in 
the stationary phase the activities 
somewhat dropped The amounts of MCR 
I always exceeded the MCR II levels The 
latter markedly decreased at entry of the 
stationary phase Interestingly, H2-MDH 
activities decreased likewise F420-MDH 
was kept at relatively high and stable 
levels 
Growth under MCR I and MCR II 
conditions 
It was observed by Bonacker et al 
(1992), that in M thermoautotrophicum 
strain Marburg MCR I was preferentially 
expressed when growth occurred at high 
temperature (70°C), low pH (6 5) and low 
gassing rates. In contrast, MCR II was 
predominantly present during growth at 
lower temperatures (55°C), high pH (7 5) 
and high gassing rates We could confirm 
these observations for strain ΔΗ of the 
same species (Tables 2 and 3) When 
growth occurred under MCR II conditions 
the MCR II levels were higher than the 
MCR I This, however, only applied, when 
the sulfide concentration was kept constant 
by the continuous addition of Na2S When 
the loss of the volatile H2S was not 
compensated, or when sulfide was replaced 
by the non-volatile, yet weaker reducing 
agent Na 2S 20 3, MCR I became the major 
methyl-coenzyme M reductase (data not 
shown) In agreement with the results of 
Bonacker et al (1992), MCR II was low 
under MCR I conditions, whereas MCR I 
remained high throughout the growth 
cycle, and was increased during the 
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Time 
(hour) 
0.00 
4.00 
6.30 
9.00 
12.00 
22.00 
25.30 
O.D
 578 
0.71 
1.32 
1.51 
1.90 
2.25 
3.04 
2.94 
Hydrogenase 
(U 
BV-
reducing 
95 
86 
3.1 
5.0 
8 1 
7.1 
11.0 
mg1) 
f"j20" 
reducing 
3.9 
4.4 
4.4 
5.0 
5.9 
7.1 
5.1 
Methylene H4MPT 
dehydrogenase 
(U 
H2-MDH 
3.1 
35 
1 6 
1.6 
1.4 
2.2 
1.4 
mg') 
F420-MDH 
0.6 
5.5 
3.0 
3.8 
26 
26 
33 
Methyl-coenzyme M 
reductase 
(AU 
II 
6.3 
2.8 
2.5 
3.6 
26 
4.0 
4.9 
mg') 
I 
1.2 
0.9 
1.5 
2.5 
2.1 
1.0 
2.6 
Table 3. Specific benzylviologen-reducing hydrogenase activity, coenzyme F420-reducing hydrogenase 
activity, H2-reducing and coenzyme F420-dependent methylenetetrahydromethanoptenn dehydrogenase 
and methyl-coenzyme M reductase II and I levels in cell extracts from M. thermoautotrophicum (strain 
ΔΗ) grown under MCR II conditions. Cultunng and enzyme determination were performed as 
described in Materials and Methods. 
stationary phase. Under MCR I conditions 
the apparent K,(H2) remained low during 
the whole growth cycle, varying between 
3% and 7%. However, under MCR II 
conditions KS(H2) significantly decreased 
from 9-13% in the exponential and linear 
phase to 3-5% in the stationary phases. 
Under MCR I conditions high and 
stable H2-MDH and F420-MDH levels were 
observed throughout the growth cycle 
(Table 2). During growth under MCR II 
conditions H2-MDH activities were high in 
the exponential phase and tended to 
decrease in the latter stages of the growth 
cycle, while F420-MDH increased fast in the 
exponential growth phase and subsequently 
remained high towards the stationary phase 
(Table 3). Total (BVH) hydrogenase and 
FRH activities remained constant during 
growth under MCR II conditions and 
compared to the values obtained under 
standard conditions (Tables 1 and 3). 
Under MCR I conditions total (BVH) 
hydrogenase and FRH activities were 
clearly lower, though a dramatic increase 
was observed in the stationary phase. 
DISCUSSION 
The physical map of the circular 
chromosome (1,623 kb) of M. 
thermoautotrophicum strain Marburg 
published by Stettler and Leisinger (1992) 
showed that the genes coding for proteins 
involved in the methanogenic pathway 
were located on a 230 kb region, 
suggesting that most if not all of these 
genes were closely linked. This was 
supported by the discovery that the genes 
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coding for MCR II, MVH, a unknown 
formate utilizing enzyme and H2-MDH are 
physically adjacent to each other in M. 
thermoautotrophicum and Methanothermus 
fervidus (Steigerwald et al 1993; Nölling et 
al., 1994). A growth phase-dependent 
expression was demonstrated for two of 
these genes. The MCR II and H2-MDH 
were preferentially expressed in the 
exponential growth phase. With increasing 
cell densities and declining growth rates 
their levels dropped and the enzymes were 
replaced by MCR I and F420-MDH, 
repectively (Bonacker et al., 1992; Nölling 
et al., 1995; Pihl et al., 1994). This growth 
phase-dependent expression has been 
attributed to the apparent changes in the 
energy source, hydrogen. In support of this 
MCR I was shown to be preferentially 
expressed under substrate/energy supply 
limited growth conditions (70°C, pH 6.5, 
low gassing rates), while MCR II was the 
predominant form expressed under the 
opposite conditions (55°C, pH 7.5, high 
gassing rates). Furthermore, experiments 
with cells grown in a chemostat under 
MCR I, MCR II and variety of hydrogen 
regimes showed that MCR II and H2-MDH 
were expressed under hydrogen excess 
conditions, while MCR I and F420-MDH 
were the predominant forms under 
hydrogen limited conditions (Chapter 7 of 
this thesis). Even FRH exhibited a 
hydrogen-dependent expression. Levels 
increased 5- to 6-fold with a 4-fold 
reduction of the gassing rate. The the total 
(BVH) hydrogenase activity increased 
likewise, although less dramatic (1.5-fold), 
indicating that MVH might decline with 
decrease gassing rates. These results 
suggested a coordinated regulation. 
This study, in which M 
thermoautotrophicum strain ΔΗ was 
cultured in a fed-batch fermentor under 
standard, MCR I and MCR II conditions, 
showed that the expression of the different 
set of enzymes may be under a common 
control, although the enzymes did not 
appear to be co-transcribed. Under standard 
growth conditions (Table 1) the expression 
patterns were generally consistent with the 
ones described in earlier publications 
(Bonacker et al., 1992; Nölling et al., 
1995; Pihl et al., 1994; P. Vermeij, 
personal communications). FRH, MCR I 
and F420-MDH were expressed at high and 
stable level, while H2-MDH and MCR II 
levels decreased towards the stationary 
phase. BVH activity declined to, although 
somewhat later in the course of growth, 
suggesting a decrease of the MVH levels. 
The idea that the different sets of 
enzymes were not co-transcribed was 
indicated by the observations made with 
cells grown under MCR II and MCR I 
conditions. The differential expression of 
MCR I and MCR II induced by the growth 
conditions, as was demonstrated for strain 
Marburg, was confirmed for the distantly 
related strain ΔΗ (Brandis et al., 1981; 
Nölling et al., 1993). However, the 
expression pattern for H2-MDH and F420-
MDH never were similar to the ones of 
MCR II and MCR I, respectively, except 
that under MCR I conditions (Table 2), 
F420-MDH levels always exceeded H2-
MDH levels. Neverthless, M. thermoauto-
trophicum was found to adjust its enzyme 
content in according to variations in the 
hydrogen availability, viz. by the change of 
the Ks of the cells for hydrogen. During 
standard growth a decrease of the K4 was 
observed concomitant with decrease in the 
low affinity enzymes H2-MDH (and MCR 
II). During MCR II condition this decrease 
in Ks is accompanied with a decrease in 
H2-MDH and a increase in BVH activity. 
When cells were grown under MCR 
II conditions, without the constant addition 
of the the strong reductant Na2S or in the 
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presence of the weaker reductant Na2S203, 
MCR I was predominantly expressed 
instead of MCR II. These are exactly the 
conditions under which factor F390 was 
found to accumulate in cells grown in a 
chemostat (P. Vermeij, personal 
communications), a phenomenon perfectly 
understood from the biochemical properties 
of the two enzymes involved in the 
formation and degradation of factor F390 
(Vermeij et al., 1994; Chapter 5 of this 
thesis). Factor F390 hydrolase, a redox 
sensitive enzyme catalyzing the factor F390 
degradation, gets oxidatively inactivated 
under the above-mentioned conditions and 
factor F390 synthesized by coenzyme F390 
synthetase will accumulate in the cells. 
Conclusively, M. thermoautotrophi-
cum and other methanogenic bacteria for 
which factor F390 synthesis was described 
(Gloss and Hausinger, 1988; van de 
Wijngaard et al., 1991) possess, by the 
coenzyme F420/factor F390 interconversions, 
a well tuned sensor apparatus to measure 
the hydrogen concentration and the 
reduction/oxidation state of the medium. 
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Differential expression of 
methanogenic enzymes during growth of 
Methanobacterium thermoautotrophicum 
(strain ΔΗ) in a chemostat 
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Differential expression of methanogemc enzymes in M thermoautotrophicum 
ABSTRACT 
Meihanobacterium thermoautotrophicum strain ΔΗ was grown in a chemostat under 
a variety of 80% hydrogen/20% C 0 2 gassing regimes After the establisment of steady 
state conditions the cells were analyzed for the hydogen-dependent methane production 
rates It appeared that cells grown under hydrogen limiting conditions exhibited higher 
V
milJ(CH4) values and somewhat lower hydrogen affinities than cells grown under sufficient 
hydrogen supply In addition, methyl-coenzyme M reductase (MCR) isoenzyme contents 
were determined as well as the specific activities of coenzyme F420-dependent (F420-MDH) 
and H2-dependent methylenetetrahydromethanopterin dehydrogenase (H2-MDH), total 
(benzyl viologen reducing, BVH) and coenzyme F420-reducing hydrogenase (FRH), the 
factor F 3 9 0 synthetase and factor F 1 9 0 hydrolase MCR II and H2-MDH were preferentially 
expressed under hydrogen-excess conditions and were, with increasing hydrogen-
limitation, gradually replaced by MCR I and F420-MDH in a way which suggests a 
coordinated regulation of the four enzymes The FRH activities increased approximately 5-
fold with a 4-fold reduction of the gassing rate, while the total (BVH) hydrogenase 
activities increased relatively less dramatically (1 5-fold) Factor F 1 9 0 synthetase and -
hydrolase activities did not vary under the conditions applied, except under iron-limitation, 
which resulted in a 10 and 25-fold increase in activity, respectively 
INTRODUCTION 
Meihanobacterium thermoautotro 
phicum grows on molecular hydrogen and 
C 0 2 as sole energy and carbon source 
The biochemistry of the methanogenesis 
has been extensively studied (for recent 
reviews see Ferry, 1992, Thauer et a l , 
1993) (Fig 1) Over the last years it has 
been found that M thermoautotrophicum 
contains two genetically distinct 
isoenzymes or functionally equivalent 
enzymes for a number of reactions 
involved in the reduction of C 0 2 to 
methane M thermoautotrophicum 
contains, depending on the metal content 
of the medium, either a tungsten- or 
molybdenum-containing formyl-methano-
furan dehydrogenase, which catalyzes the 
first step in the methanogenesis (Schmitz 
et a l , 1992) The organism also harbours 
two methylenetetrahydromethanoptenn 
dehydrogenases (MDH) a coenzyme 
F420-dependent type (F420-MDH) and a 
H2-dependent species (H2-MDH) Both 
enzymes catalyze the reduction of Ns,N>a-
methenyltetrahydromethanoptenn to 
N5,N ,0-methylenetetrahydromethanoptenn 
(te Brommelstroet et a l , 1991a, Zimgibl 
et a l , 1990) Furthermore, two methyl-
coenzyme M reductase ( M C R ) 
isoenzymes are found catalyzing the 
final, methane-producing step (Rospert et 
a l , 1990) In addition, two types of 
hydrogenases are involved in the 
activation of hydrogen an enzyme that 
uses coenzyme F 4 2 0 as electron acceptor 
(coenzyme F420-reducing hydrogenase, 
FRH) and a non-coenzyme F420-utilizing 
type (methyl v i o l o g e n - r e d u c i n g 
hydrogenase, MVH) Of the latter species 
two isoenzymes, designated MVH I and 
MVH II, have been discovered in M 
thermoautotrophicum (Woo et al , 1993) 
By using antisera specific for 
MCR I and MCR II, it was demonstrated 
that the two isoenzymes were expressed 
in a growth phase-dependent manner, 
when cultured in a fed-batch fermentor 
(Bonacker et a l , 1992) MCR II was 
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methylTS-CoM 
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CH 4 
Fig. 1. Pathway of methanogenesis from hydrogen and C0 2 in M. thermoautotrophicum. 
Isoenzymes and functionally equivalent enzymes catalyzing the same step are printed in bold 
letters. Enzymes: H2-MDH, hydrogen-producing methylene-H4MPT dehydrogenase; F420-MDH, 
coenzyme F42(rutilizing methylene-H4MPT dehydrogenase; MCR methyl-coenzyme M reductase; 
FRH, coenzyme F420-reducing hydrogenase; MVH, methyl viologen-reducing hydrogenase. 
Methanogenic coenzymes: MFR, methanofuran; H4MPT, tetrahydromethanopterin; CoM, coenzyme 
M (2-mercaptethanesulfonate); H-S-HTP, /V-7-mercaptoheptanoyl-L-threonine phosphate; CoM-S-S-
HTP, heterodisulfide of CoM and HS-HTP. 
preferentially present in the cells during 
the exponential growth phase and was 
replaced by MCR I in the later stages of 
the growth. The differential expression of 
the two MCR's proved to be regulated at 
the transcriptional level (Pihl et al., 
1994). Recently, a growth phase-
dependent transcription as found for the 
MCR isoenzymes was also observed for 
the m-RNA's encoding for the two 
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MDH's (Nolling et a ] , 1995) The same 
authors noticed that the genes encoding 
for FRH and MVH I were transcribed at 
all growth stages, although the frh and 
mvh transcripts seemed somewhat higher 
during the exponential growth phase 
The growth-phase dependent 
expression of the above-mentioned 
enzymes has been attributed to the 
apparent changes in the energy source, 
hydrogen, that occurred during the 
growth in the fed-batch fermentor 
(Bonacker et a l , 1992, Nolling et a l , 
1995, Pihl et a l , 1994) Hydrogen will be 
abundantly present in the initial 
exponential growth phase However, the 
p o o r s o l u b i l i t y and i n c r e a s e d 
consumption rates by the growing 
biomass may bring the effective 
concentration of the gas down to levels 
that will become growth-limiting Indeed, 
it was shown that MCR II and MCR I 
could be specifically expressed by 
varying the hydrogen gassing rates, 
though other factors like pH and 
temperature also affected the expression 
(Bonacker et a l , 1992) 
Fed-batch cultures suffer from the 
intrinsic disadvantage that the situation 
with respect to the hydrogen availability 
continuously changes in a not easily 
defined way This disadvantage may be 
overcome by growing the organisms 
under e x p e r i m e n t a l l y contro l led 
conditions in the chemostat To test, if 
hydrogen triggered the response in 
enzyme synthesis, M thermoautotro­
phicum was cultured by this technique 
under a variety of hydrogen regimes The 
results are discussed in relation to the 
role of factor F 3 9 0 as a reporter compound 
of hydrogen stress and putative response 
regu la tor of the methanogenic 
metabolism (Vermeij et a l , 1994, 
Chapter 4 of this thesis) 
MATERIALS AND METHODS 
Growth of the organisms 
Methanobacterium wolfei (DSM 
2970) was cultured in a 12-1 fermentor 
on a minimal medium under a H 2/C0 2 
atmosphere (80%/20%, v/v) at 60°C 
(Kiener et al , 1987) Growth of M ther­
moautotrophicum strain ΔΗ (DSM 1053) 
was performed in a 0 5-1 continuous 
fermentor with a culture volume of 300 
ml under a H 2 /C0 2 atmosphere 
(80%/20%) as described previously (van 
Alebeek et a l , 1993) The basal medium 
contained the following constituents (g 
per liter) KH 2P0 4, 6 8, Na 2 C0 3 , 3 3, 
NH„C1, 2 1, cysteine HCl, 0 6, Na2S 
2H20, 0 6 Per liter medium 2 ml of a 
defined standard trace element solution 
(Schönheit et a l , 1979) was added Nitro-
gen-limitated growth was performed on 
basal medium that contained 5-fold less 
ammonium (0 42 g/1 NH4C1) Iron 
limiting conditions were obtained by 
reducing FeCl2 in the trace element 
solution (50 μΜ) to 100 nM Under the 
above-mentioned conditions growth was 
performed at 65°C and pH 7 0 The 
media for growth under MCR I and MCR 
II conditions were prepared according to 
an earlier publication (Bonacker et al , 
1992) Under MCR I conditions M 
thermoautotrophicum was grown at 70°C 
and the pH was kept at 6 5, while under 
MCR II conditions the growth 
temperature was 55°C and the pH of the 
medium was maintained at 7 5 The 
continuous fermentor was gassed with 
rates varying between 3 1/h and 12 1/h 
The dilution rates were varied between 
0 020 and 0 137 h 1 The various 
continuous culture conditions and 
resulting optical densities during steady 
state are summarized in Table 1 
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Culture 
A 
В 
С 
MCR I I b c 
I b 
I I " 
I II " 
IV b 
MCR I b d 
F c 
Growth conditions 
dilution 
rate 
<h') 
0.054 
0.150 
0.054 
0.067 
0.020 
0.137 
0.020 
0.137 
0.067 
0.067 
gassing 
rate 
d h ' ) 
10.0 
100 
2.5 
120 
12.0 
12.0 
3.0 
3.0 
3.0 
4.5 
O D 5 7 8 
2.25 
1 55 
0.61 
0 55 
0.86 
0.91 
0.33 
0.43 
0.45 
1 03 
Factor F3 9 ( l 
synthetase 
(mU mg ' 
protein ') 
4 3 
3 3 
1.1 
3.9 
2.1 
2 1 
0.4 
5.2 
2.2 
30.0 
Factor F 3 9 0 
hydrolase 
(rail mg ' 
•protein ') 
9 6 
8.0 
4.3 
6.7 
2.6 
7.8 
6 8 
6.2 
5.0 
150.0 
Factor F 3 9 0 
concentration'1 
(nmol g'1 dry 
weight ') 
2.2 
-
3 8 
-
-
-
110 
9.8 
12.2 
-
Table 1. Growth conditions applied in the chemostat and the related steady state O.D.578 values, the 
specific factor F3 9 0 synthetase and factor F3 9 0 hydrolase activities and cellular factor F3 9 0 levels. 
Growth was followed on basal medium with modifications as indicated Notes. J, The data were 
taken from Chapter 5 of this thesis; b, The medium contained 0.42 g/1 NH4C1;
 c
, The medium 
contained 100 nM FeCl2;
 d
, Growth occurred at pH of 7.5 and 55°C; ', Growth was performed at 
pH of 6.5 and 70°C, -, not detectable. 
Sample collection and methane-forming 
activity of whole cells 
Cell densities were monitored by 
following the optical densities at 578 nm. 
After steady state conditions were 
established, 30-ml samples were 
anaerobically taken and cells were 
collected by means of anoxic 
centrifugation (19,200 χ g; 20 min.; 4°C). 
Inside the glove box cells were 
resuspended to O.D.578 1 in growth 
medium lacking NH4CI and trace 
elements. Subsequently, 2.5-ml portions 
were pipetted into a series of 55 ml 
serum flasks. Incubations, in duplicate, 
took place under a atmosphere that 
contained 20% C 0 2 and variable 
concentrations of hydrogen (80, 40, 20, 
10 and 5%), supplemented with nitrogen, 
to 2.5 kPa. Subsequently, the serum 
flasks were placed in a waterbath at 60°C 
and as soon as methane production 
started, the flasks were transferred to a 
shake incubator (250 rpm) at 60°C, and 
the (linear) rates of methane formation 
were followed for approximately one 
hour. Under the experimental conditions 
the rates of methane formation were not 
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limited by hydrogen mass transfer 
Methane was determined using ethane as 
an internal standard, 100-μ1 amounts of 
the headspace were analyzed on a Pye 
Unicam GCD-chromograph equipped 
with a Porapack Q 100-200 mesh 
column 
Protoplast preparation 
Inside the anaerobic glove box, 
sampled cells were resuspended in 3 ml 
anoxic pseudomurein endopeptidase 
activity buffer (50 mM KH 2P0 4, 1 M 
sucrose, 25 mM NaCl, 5 5 mM MgCl2, 
10 mM DTT, pH 7 0) (6) An appropriate 
amount of crude autolysate of M wolfei 
was added to the cells and the reaction 
mixture was incubated at 60°C under H2 
atmosphere for 45 min Whole cells were 
pelleted by a 2 min centrifugaron in a 
Eppendorf centrifuge (15,000 χ g, 
ambient temperature) placed inside the 
glove box The supernatant was 
centnfuged for another 20 min (15,000 χ 
g, ambient temperature) The pellet 
(protoplasts) was resuspended in 5 ml 
pseudomurein endopeptidase activity 
buffer and stored at -20°C under a N2/H2 
(97 5%/ 2 5%) atmosphere Prior to use 
protoplast were lysed by dilution in the 
appropriate assay buffer specified below 
Spectrophotometric enzyme assays 
Enzyme assays were performed in 
duplicate or triplicate at 60°C in 1 2 ml 
cuvettes, which were closed with a 
rubber stopper The appropriate gas 
atmosphere was achieved by repeatedly 
evacuating and gassing the cuvettes with 
nitrogen or hydrogen Further additions 
were made with gas-tight microliter 
syringes 
Coenzyme F420-reducing hydroge-
nase activity was tested by following the 
reduction of coenzyme F 4 2 0 at 402 nm 
(ε402 = 25 8 mM ' cm ')(Kengen et a l , 
1991b) under 100% H2 atmosphere (1 3 
kPa) The I-ml assay mixture contained 
50 mM TRIS/HC1 buffer (pH 7 5), 10 
mM dithiothreitol, 2 M KCl, 40 μΜ 
coenzyme F 4 2 0 Protoplasts were diluted 
25-fold in a 50 mM TRIS/HC1 buffer (pH 
8 3) containing 10 mM dithiothreitol The 
reaction was started by the addition of 50 
μΐ enzyme solution One unit of FRH 
activity was defined as the amount of 
enzyme required to catalyze the reduction 
of 1 μ mol coenzyme F 4 2 0 per min 
Viologen-reducing hydrogenase 
(BVH) activity was assayed under H2 
atmosphere by following the reduction of 
benzyl viologen at 578 nm (ε57β = 8 6 
mM ' cm ') The reaction mixture 
contained 50 mM TRIS/HC1 (pH 7 5), 10 
mM dithiothreitol, 2 M KCl and 450 μΜ 
benzyl viologen Protoplasts were diluted 
25-fold in 50 mM TRIS/HC1 buffer (pH 
8 3) containing 10 mM dithiothreitol and 
incubated for 15 min under H2 at 60°C 
The reaction was started with 50 μΐ of 
reactivated protoplast extract One unit of 
BVH activity was defined as the amount 
of enzyme required to catalyze the 
reduction of 2 μπιοί BV per min 
Coenzyme F 4 2 0- and H2-utihzing 
MDH activities were measured by 
following the formation of methenyl-
H4MPT at 335 nm (ε3 3 5 = 22 4 m M ' 
cm ') under N2 atmosphere in the 
presence or absence of coenzyme F 4 2 0 , 
respectively The reaction mixture 
contained 20 mM potassium phosphate 
buffer (pH 6 0), 1 M NaCl, 2 mM 
formaldehyde, 25 μΜ tetrahydromethano-
ptenn (H4MPT) and, if required, 40 μΜ 
coenzyme F 4 2 0 Protoplasts were diluted 
25-fold in 20 mM potassium phosphate 
buffer (pH 6 0) Part of this was exposed 
to air to inactivate H2-MDH (Zimgibl et 
a l , 1990) The reaction was started with 
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the addition of 50 μΐ protoplast extract. 
Total MDH and H2-MDH activities were 
measured with the anaerobic enzyme 
mixture in the presence and absence of 
coenzyme F 4 2 0, respectively. Oxygen-
stable F4 2 0-MDH activity was determined 
in presence of coenzyme F 4 2 0 and the air-
exposed enzyme mixture. One unit of H2-
MDH and F4 2 0-MDH activities was 
defined as the amount of enzyme 
required to catalyze the formation of 1 
μιτιοί of methenyl-H4MPT per min. 
Factor F 3 9 0 synthetase and F 1 9 0 
hydrolase activities were measured by 
following factor F 3 9 0 formation (Δε420 = 
15.2 mM'crn ' ) and factor F 1 9 0 hydrolysis 
(Δε420 = 38.6 mM'cm '), respectively, at 
420 nm (3, 18). Factor F 1 9 0 synthetase 
was assayed under aerobic conditions in 
a reaction mixture (0.75 ml) containing 
100 mM potassium phosphate buffer (pH 
6.4), 16 mM MgCl2, 1.6 mM ATP, 40 
μΜ coenzyme F 4 2 0 and 100 μΙ enzyme 
mixture. The enzyme mixture for the 
synthetase reaction was prepared by 
diluting the protoplasts 2-fold in 100 mM 
potassium phosphate buffer (pH 6.4). The 
hydrolase reaction was assayed under N2 
atmosphere in a reaction-mixture (0.75 
ml) containing 1 M KCl, 100 mM 
TRIS/HC1 buffer (pH 8.2), 6 mM DTT, 
40 μ M factor F 3 9 0 and 100 μΐ enzyme 
mixture. Protoplasts were lysed by a 1 : 1 
(vol/vol) dilution in a 10 mM MES 
buffer (pH 7.0). Both reactions were 
started by the addition of the appropriate 
substrate. One unit of factor F 3 9 0 
synthetase and factor F 1 9 0 hydrolase 
activities were defined as as the amount 
of enzyme required to catalyze the 
formation and degradation of Ι μ mol of 
factor F 3 9 0 per min, respectively. 
Quantification of the methylcoenzyme 
M reductase isoenzymes 
MCR I and MCR II contents of 
the cells grown under the various 
conditions were analyzed chromato-
graphically by FPLC anion-exchange 
chromatography. Sample preparation and 
analysis were performed under aerobic 
conditions at 4°C. After establishment of 
the steady state, a 50-ml culture sample 
was taken and the cells were collected by 
centnfugation (30 min, 40,000 χ g). The 
cell pellet was resuspended in a 50 mM 
potassium phosphate buffer (pH 7.0) 
followed by sonication (6 χ 30 s; 100 W) 
on ice. Unbroken cells were pelleted by 
centrifugation (5 min; 15,000 χ g). The 
supernatant was subsequently adjusted to 
80% ammonium sulfate saturation, by 
adding 4 volumes of aqueous saturated 
ammonium sulfate in 50 mM potassium 
phosphate (pH 7.0). Following gently 
stirring overnight, the precipitated 
proteins were pelleted by means of 
centrifugation (30 min, 39,000 χ g). The 
supernatant, containing the MCR 
isoenzymes, was collected and, after 
overnight dialysis against 4 1 of a 50 mM 
potassium phosphate buffer (pH 7.0), 
concentrated to a final volume of 0.5-ml 
using a Centriprep YM-10 concentrator 
(Amicon Division, W.R. Grace & Co., 
Danvers, MA). After determination of the 
protein concentration, 0.2 mg of protein 
was subsequently loaded onto a TSK-
DEAE-5PW column (0.75 χ 7.5 cm; flow 
1 ml/min; TosoHaas, Montgomeryville, 
PA) equilibrated in 50 mM TRIS/HC1 
(pH 7.0). The column was developed by 
a linear gradient (30 min) from 0 to 0.5 
M NaCl in 50 mM TRIS/HC1 (pH 7.0). 
MCR I and MCR II were identified on 
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the basis of their retention times, by the 
retention times of purified MCR II, and 
by SDS-PAGE analysis of the eluted 
MCR isoenzymes, the isoenzymes show 
distinct subunit-band patterns (MCR I, 
65, 46 and 38 kDa, MCR II, 58, 46, 33 
kDa)(10) Elution of the MCR 
isoenzymes was monitored at 430 nm, 
which is the characteristic absorption 
maximum of the F 4 3 0 prosthetic group of 
the enzyme MCR I and MCR II were 
eluted after 26 0 min and 214 mm, 
respectively The isoenzyme contents are 
expressed as arbitrary units (AU) 
calculated from the peak areas of the 
FPLC chromatograms and corrected for 
the amounts of cells (dry weight) used 
for sample preparation 
Protein determination 
The protein concentration was 
determined with the Bio-Rad protein 
reagent with bovine serum albumin as the 
standard (Bio-Rad Laboratories) 
Materials 
Coenzyme F 4 2 0 was purified from 
M thermoautotrophicum as described 
before (Vermeij et a l , 1994) Factor F 1 9 0 
was synthesized from purified coenzyme 
F 4 2 0 and ATP and purified as documented 
before (Kengen et a l , 1989) H4MPT was 
isolated from M thermoautotrophicum as 
done before (te Brommelstroet et a l , 
1991a) MCR II was purified from M 
thermoautotrophicum strain ΔΗ as 
published by Rospert et al (1990) Crude 
autolysate from M wolfei was prepared 
by anoxically suspending 50 g wet cells 
in 200 ml 50 mM potassium phosphate 
buffer containing 5 mM dithiothreitol 
followed by incubation without agitation 
at 60°C under N 2/C0 2 (80%/20%) 
(Mountfort et a l , 1986) Complete lysis 
had occurred after 10 h The greenish-
brown viscous crude lysate was treated 
with protamine sulfate (0 5%, w/v), 
anaerobically centnfuged (18,000 χ g, 40 
min , 4°C) and divided in 10-ml aliquots 
that were stored under N 2 /C0 2 
(80%/20%) atmosphere at -20°C The 
activity of pseudomurein endopeptidase 
in the crude extract was determined at 
0.34 U/μΙ, in which one lysis unit was 
defined as the volume of crude lysate 
causing the total lysis, in 90 min, of 2 χ 
IO8 cells of M thermoautotrophicum 
(Kiener et a l , 1987). Gasses were sup­
plied by Hoek-Loos (Schiedam, The 
Netherlands) and freed from traces of 
oxygen by passage over a BASF RO-20 
catalyst at room temperature (H2 con­
taining gasses), or a prereduced BASF 
R3-11 catalyst at 150°C (N2) The 
catalysts were a gift of BASF All other 
chemicals were purchased from Sigma 
Chemical Co and Merck and were of the 
highest grade available. 
RESULTS 
Growth of M. thermoautotrophicum in 
the chemostat 
M thermoautotrophicum was 
cultured in the chemostat under different 
hydrogen regimes ranging between 
hydrogen excess and hydrogen limitation 
in a way that mimicked the changes that 
occur during fed-batch culture within a 
short period of time This was achieved 
by varying the H2/C02 gassing rates and 
the medium dilution rates However, 
when the experiments were performed on 
basal medium, it appeared that the steady 
state cell densities increased to a level 
that H2 apparently became growth-
limiting (Table 1, Chapter 5 of this 
thesis) To circumvent this, an additional, 
nitrogen limitation was applied In 
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1.50 
Percentage H (%) 
Fig. 2. Hydrogen concentration-dependent methane production rates by whole cells grown under 
different hydrogen regimes. Growth conditions were as specified in Table 1 (Symbols: •. MCR II; 
•, I; D, II; 0, III; *, IV; Δ, MCR I). 
addition, the organism was cultured under 
conditions at which MCR I and MCR II 
were specifically expressed (Bonacker et 
al., 1992). 
Methane production by whole cells 
Cells grown under different 
hydrogen regimes were incubated under 
varied hydrogen concentrations and the 
methane product ion rates were 
determined (Fig. 2). When growth had 
occurred under H2-limited conditions 
(low gassing rates), cells showed 
significant higher maximal specific rates 
of methane formation then cells grown 
under H2-excess situations (high gassing 
ra tes ) . M o r e o v e r , ha l f -maximal 
methanogenesis rates were observed at 
about 5% hydrogen with the former, 
whereas this value could be some two­
fold higher with the latter. These changes 
would enable H2-limitation-adapted cells 
to produce methane at considerable rates 
at lower hydrogen partial pressures. The 
findings indicate that M. thermoauto-
trophicum is able to tune its methano-
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Growth 
condition3 
MCR II 
I 
II 
III 
IV 
MCR I 
Total methyl-
coenzyme M 
reductase level 
(AUmg'd.w ') 
76 
8.7 
8.3 
4.7 
8.1 
73 
Methyl-coenzyme 
M reductase II 
(AUmg'd.w ') 
6.6 
5.9 
45 
21 
0.8 
0.2 
Methyl coenzyme 
M reductase I 
(AUmg'd.w. 1) 
1.0 
2.8 
3.8 
2.6 
7.3 
7.1 
Table 2. Methyl-coenzyme M reductase isoenzyme levels in cells of M. thermoautotrophicum 
grown under different hydrogen regimes. Notes: J, Growth conditions were as specified in Table 1. 
genie apparatus by adapting the activity 
and affinity of the enzymes involved in 
hydrogen uptake or other reactions in the 
methanogenic pathway. This was 
investigated by analysis of the cellular 
levels of a number of isoenzymes and 
functionally equivalent enzymes. 
Isoenzyme content of methanogenic 
cells grown under different hydrogen 
regimes 
In agreement with the results by 
Bonacker et al. (1992), MCR II was the 
predominant isoenzyme under MCR II 
conditions (Table 2). MCR II was 
gradually replaced by MCR I with 
diminishing hydrogen availability, until 
MCR I constituted 97% of the total MCR 
Growth Total methylene H4MPT H2-reducing methylene- Coenzyme F420-reducing 
condition3 dehydrogenase11 H4MPT dehydrogenase methylene H4MPTdehydro-
(μπιοίπιίπ 'mg ') (цтоіт іп 'mg ') genäse (pmol min'mg') 
MCR II 
I 
II 
III 
IV 
MCRI 
0.50 
0.23 
0 33 
0.35 
0.31 
0.38 
0.48 
0 17 
0 18 
0.22 
0.15 
0.02 
0.02 
0.05 
0 15 
0.14 
0.17 
0.36 
Table 3. Specific activities of the total, H2-dependent, and coenzyme F420-dependent 
methylenetetrahydromethanoptenn dehydrogenase in cells of M. themoautotrophicum grown under 
different hydrogen regimes. Notes: a, Growth conditions were as specified in Table 1, b, The total 
activity was independently determined. 
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Growth Benzyl viologen-reducing 
condition11 hydrogenase activity 
(μπιοί min 'mg ') 
Coenzyme F4 № 
-reducing hydrogenase 
activity (цтоігшп ' mg ') 
MCR II 
I 
II 
III 
IV 
MCR I 
2.53 
2.80 
2.26 
3.85 
3.99 
3 26 
0.51 
0.58 
0.61 
2.33 
3 10 
2.88 
Table 4. Specific benzyl viologen and coenzyme F4211-reducing hydrogenase activities in cells of M. 
thermoautotrophicum grown under different hydrogen regimes. Notes: J, Growth conditions were as 
specified in Table 1. 
level under MCR I conditions. The total 
MCR amounts remained about constant. 
A comparable shift was observed for the 
two MDH's (Table 3). In cells grown 
under MCR II conditions, almost all 
MDH activity measured was of the In­
dependent type, getting gradually 
substituted by F4 2 0-MDH with increasing 
hydrogen limitation. Under MCR I 
conditions almost all MDH-activity was 
coenzyme F420-dependent. Again the total 
activities were approximately constant. A 
different pattern was observed for the 
two hydrogenase activities (Table 4). A 
sudden 5- to 6-fold increase in the 
specific FRH activity was accompanied 
with a 4-fold reduction of the H2/C02 
gassing rates. Benzyl viologen-reducing 
activity was increased likewise, though 
only about 1.5-fold. Since FRH may 
reduce the viologen as an artificial sub­
strate, the increase may partly be 
attributed to an increase in the FRH 
levels. However, the net specific activity 
of non-coenzyme F 4 2 0 reducing hydro­
genase should have decreased. This could 
be due to a lowering of MVH I, or a 
substitution of the latter by MVH II, 
which shows different kinetic properties 
(Woo et al., 1993). More sophisticated 
analysis methods, like the use of specific 
antibodies are required to discriminate 
between these alternatives. 
Contrary to the apparent changes 
that occurred in the levels of the above-
mentioned enzymes, the specific 
activitities of the enzymes involved in 
factor F 1 9 0 synthesis and degradation 
remained relatively constant under nearly 
all growth conditions tested (Table 1). 
The variations that may be seen from 
Table 1 will be the result of inaccuracies 
of the measurements due to the low 
cellular levels of the enzymes. A 10- and 
25-fold increase in the specific activities 
of factor F 1 9 0 synthetase and hydrolase, 
however, was found in response to iron 
limitation. A switch from basal to iron-
limited medium was accompanied with a 
decrease in O.D.,78 and the concomitant 
increase of the enzyme activities until 
stable values were reached under the 
110 
Differential expression of methanogemc enzymes in M thermoautotrophicum 
steady state conditions shown in the 
Table 1. 
DISCUSSION 
Previously, the growth phase-
dependent expression, at both protein 
(Bonacker et al., 1992) and mRNA levels 
(Pihl et al., 1994), of the MCR I and 
MCR II isoenzymes was described for 
the distantly related Marburg and ΔΗ 
strains of M. thermoautotrophicum during 
growth in a fed-batch fermentor. Similar 
growth phase-related expression patterns 
at the transcriptional level were also 
observed for the enzymes involved in 
W5,N10-methenyl-H4MPT reduction, H2-
MDH and F4 2 0-MDH. The shifts have 
been attributed to apparent changes of the 
energy source, hydrogen, that occur 
during growth. In support of this, the 
specific expression of MCR I and MCR 
II could be induced by varying the 
hydrogen/C02 gassing rates together with 
the pH and growth temperature 
(Bonacker et al., 1992). The present 
Study in which M thermoautotrophicum 
strain ΔΗ was cultured under different 
steady state hydrogen regimes provides 
firm evidence that hydrogen, indeed, is 
the signal for the differential expression 
of the enzymes. Lowering the hydrogen 
supply, in a way that mimics changes 
that occur during growth in a fed-batch 
fermentor, resulted in the decrease of 
MCR II and H 2 -MDH levels. 
Simultanously, MCR I and F420-MDH 
were increased. Also FRH was increased 
in response to the hydrogen limitation. 
Physiologically, the increase of the latter 
enzyme and of F 4 2 0 -MDH was 
accompanied with the increase of the 
maximal methane formation rate values 
and by lower hydrogen affinities of 
whole cells. In addition, it was found that 
MCR II conditions not only specifically 
induced the synthesis of this isoenzyme, 
but also induced the synthesis of H2-
MDH, whereas during growth under 
MCR I conditions F4 2 0-MDH was 
specifically expressed as well. Our 
findings substantiate that the differential 
expression of both MDH's at the 
transcriptional level (Nölling et al., 1995) 
also take place at the level of enzyme 
activities. Comparison of the Tables 2-4 
shows that enzyme induction and 
repression patterns not exactly paral led 
each other. This may suggest that the sets 
of enzymes are not co-transcribed, but 
rather are under some common control. 
In contrast to the activities of the 
above-discussed enzymes, the activities 
of the enzymes involved in factor F190 
synthesis and -hydrolysis remained about 
constant. Only in response to iron 
limitation the activities were highly 
increased. This confirms an earlier 
observation (Schönheit et al., 1981) that, 
the at the time not understood 
disappearance of coenzyme F420 after 
exposure of cells to oxygen, which now 
can be attributed to factor F390 formation, 
was strongly enhanced in iron-limitated 
cells. However, Purwantini et al. 
(Purwantini et al., 1994) did not find an 
effect of iron limitation on the factor F190 
synthesis in cell extracts of the same 
organism. Despite the stable levels of the 
e n z y m e s invo lved , fac tor F3 9 0 
concentrations in cells grown under 
different hydrogen regimes markedly 
varied (Table l)(Chapter 5 of this thesis). 
The variations can be understood from a 
regulation at the level of enzyme 
activities of factor F w synthetase and -
hydrolase, suggesting a role for the factor 
as a reporter compound of hydrogen 
stress (Vermeij et al., 1994; Chapter 4 of 
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this thesis). Interesting parallels and anti-
parallels can be noticed between factor 
F390 and the here studied enzymes levels. 
This makes it tempting to speculate that 
the compound not only serves as a 
reporter, but also serves as a response 
regulator in a way cyclic AMP, for 
instance, is operative in other metabolic 
systems. 
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Methanogenic bacteria are obligate anaerobic microorganisms that obtain their 
energy for growth from the conversion of a limited number of one-carbon compounds or 
acetate and pyruvate to methane. Chapter 1 of this thesis describes the ecological role of 
this group of organisms, as well as their taxonomical characteristics. The biochemistry of 
the process of methanogenesis from hydrogen and carbon dioxide in Methanobacterium 
thermoautotrophicum is discussed in more detail, with emphasis on isoenzymes and 
functionally equivalent enzymes, which catalyze the same step involved in the 
methanogenesis, and the growth phase-dependent expression of these enzymes. In addition, 
the present knowledge on the role coenzyme F 4 2 0 plays in the methanogenic metabolism is 
surveyed, with special attention on the reversible enzymic conversion of coenzyme F 4 2 0 
into factor F 3 9 0 . Factor F 3 Q 0 was synthesized in M. thermoautotrophicum upon oxygen 
exposure, while the compound was reconverted into coenzyme F 4 2 0 after reestablishment of 
anaerobic conditions 
To get more insight into the defined function of factor F 3 9 0 we first purified the 
enzyme, which catalyzes the ATP dependent conversion of coenzyme F 4 2 0 into factor F 3 9 0 , 
with inorganic pyrophosphate as the second product of the reaction, factor F 1 9 0 synthetase 
from M. themoautotrophicum strain ΔΗ and determined its characteristics (Chapter 2). 
The synthetase was purified 150-fold to a specific activity of 0.45 μιτιοί • min"1 · mg 
protein'. The enzyme consisted of one polypeptide of approximately 51 kDa. The isolated 
enzyme showed a tendency to aggregate into dimers and tetramers upon concentration. Co-
elution during purification of GTP-dependent factor F 3 9 0 synthetase activity suggested that 
the synthetase is capable of 8-hydroxyguanylylated-coenzyme F 4 2 0 (factor F390-G) forma­
tion as well. 
Initial-velocity measurements of the two substrate reaction showed that the enzyme 
kinetics for the factor F 3 9 0 synthetase reaction proceeded by a ternary-complex mechanism. 
The factor F 3 9 0 synthetase displayed a Km for coenzyme F 4 2 0 of 39 μΜ and a Km for ATP 
of 1.7 mM. 
In contrast to the enzyme in cell-free extract, the isolated enzyme was active under 
aerobic and anaerobic conditions. Treatment with air was not required to obtain the 
enzyme in an active form. However, 1,5-dihydro-coenzyme F 4 2 0 (coenzyme F4 2 0H2) appea­
red to be a potent competitive inhibitor (K,= 3μΜ) with respect to coenzyme F 4 2 0 . The 
latter findings may explain why the enzyme as yet could only be detected in crude extracts 
that had been exposed to air: treatment with air causes the oxidation of reduced coenzyme 
F 4 2 0 present in anaerobic extracts. 
The factor F 3 9 0 synthetase was also purified from the Marburg strain of M. 
thermoautotrophicum in order to investigate the molecular biology of factor F 3 9 0 synthesis 
(Chapter 3). The enzyme was purified 89-fold from cell-free extract to a specific activity 
of 0.75 μιτιοί · min'1 · mg protein '. The monomeric enzyme consisted of a polypeptide 
with an apparent molecular mass of 41 kDa as determined by SDS-PAGE. ftsA, the gene 
encoding factor F 3 9 0 synthetase was cloned and sequenced. It encoded a protein of 377 
amino acids with a predicted M
r
 of 43280. FtsA was found to be similar to domains found 
in the superfamily of peptide synthetases and adenylate-forming enzymes. Similarity of 
FtsA was highest to gramicidin S synthetase II (67% similarity in a 227 amino acid 
region) and 5-(L-a-aminoadipyl)-L-cysteine-D-valine (ACV) synthetase (57% similarity in 
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a 193 amino acid region) Factor F 3 9 0 synthetase, however, takes an exceptional position in 
the superfamily of adenylate-forming enzymes in that it does not activate a carboxy] group 
of an amino- or hydroxy acid but an aromatic hydroxyl group of coenzyme F 4 2 0 
Characterization of the purified factor F 3 9 0 synthetase demonstrated that the rate of 
the biosynthetic reaction is subject to the H2 availability A role for factor F 3 9 0 as sensor 
of the reduction-oxidation state of the cell and as response regulator compound was 
suggested In order to justify this hypothesis and to get a better insight in the physiological 
role of factor F 3 9 0, factor F 3 9 0 hydrolase was purified from M thermoautotrophicum strain 
Marburg and some of its properties were determined (Chapter 4) The hydrolase was 
purified 355-fold to a specific activity of 12 1 μπιοί min' mg protein' The enzyme 
consisted of one polypeptide of approximately 27 kDa Factor F 3 9 0 hydrolase displayed an 
apparent K
m
 for factor F 3 9 0 of 40 μΜ The enzyme required the presence of a reducing 
agent like dithiothreitol to become active Activity could be manipulated by applying 
various ratio's of reduced and oxidized dithiothreitol Activation proceeded by a 2-electron 
reduction, which indicates that one S-S bridge is involved the activation/inactivation of the 
enzyme Dithiothreitol could be replaced by the methanogenic C|-camer 2-
mercaptoethanesulfonate (H-S-CoM), but not by yV-7-mercaptoheptanoyl-L-threonine 
phosphate (H-S-HTP) or other naturally occurring thiol containing compounds Addition of 
the heterodisulfide of H-S-CoM and H-S-HTP (CoM-S-S-HTP) diminished the stimulatory 
effect of H-S-CoM The data obtained in Chapters 2 and 4 suggested that M 
thermoautotrophicum and other methanogens which contain factor F 3 9 0 possess a 
sophisticated sensor system to measure the hydrogen concentration and reduction/oxidation 
state of the medium Factor F 3 9 0 could serve as reporter of hydrogen or oxidative stress 
situations 
To test this hypothesis, M thermoautotrophicum strain ΔΗ was grown in the fed-
batch fermentor and in the chemostat under a variety of 80% hydrogen / 20% C 0 2 gassing 
regimes (Chapter 5) In the course of the growth, or after the establishment of steady state 
conditions, the cells were analyzed for the content of 5,10-methenyltetrahydromethanop-
terin, coenzyme F 4 2 0, the uncharged derivative (F0) of the latter, and adenylylated- and 
guanylylated coenzyme F 4 2 0 (factors F190-A and F390-G, respectively) Though we could 
measure significant growth condition-dependent variations in the cellular content of all the 
compounds, it were especially the factors F 3 9 0 that accumulated in close relation with the 
hydrogen regimes applied The results are discussed against the background of the 
biochemical reactions underlying factor F 3 9 0 synthesis and degradation, and in relation with 
a putative role as response regulators of the methanogenic metabolism 
M thermoautotrophicum strain ΔΗ contains, for a number of reactions involved in 
the methanogenesis from C 0 2 and hydrogen, isoenzymes or functionally equivalent 
enzymes To test whether the expression of these enzymes is regulated in a coordinated 
way in relation to the hydrogen availability (factor F 3 9 0 concentrations), the organism was 
grown in a chemostat (Chapter 6) and in a fed-batch fermentor (Chapter 7) under varied 
conditions The organism was grown in a chemostat under a variety of 80% hydrogen/20% 
C 0 2 gassing regimes After the estabhsment of steady state conditions the cells were 
analyzed for the hydogen-dependent methane production rates It appeared that cells grown 
under hydrogen limiting conditions exhibited higher maximum methane formation rate 
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values and somewhat lower hydrogen affinities than cells grown under sufficient hydrogen 
supply In addition, methyl-coenzyme M reductase (MCR) isoenzyme contents were 
determined as well as the specific activities of coenzyme F420-dependent (F420-MDH) and 
H2-dependent methylenetetrahydromethanoptenn dehydrogenase (H2-MDH), total (benzyl 
viologen reducing, BVH) and coenzyme F,20-reducing hydrogenase (FRH), factor F190 
synthetase and factor F·,^ hydrolase MCR II and H2-MDH were preferentially expressed 
under hydrogen-excess conditions and were, with increasing hydrogen-limitation, gradually 
replaced by MCR I and F420-MDH in a way which suggests a coordinated regulation of the 
four enzymes The FRH activities increased approximately 5-fold with a 4-fold reduction 
of the gassing rate, while the total (BVH) hydrogenase activities increased less 
dramatically (1 5-fold) Factor F390 synthetase and -hydrolase activities did not vary under 
the conditions applied, except under iron-limitation, which resulted in a 10 and 25-fold 
increase in activity, respectively 
Cells grown in a fed-bacth fermentor were sampled in the course of growth and 
were analyzed for the hydrogen-dependent methane production rates In addition, the 
cellular MCR isoenzyme levels were determined, as well as the specific activities of H2-
MDH, F,,20-MDH, BVH and FRH Under standard growth conditions, cells were found to 
maintain the rates of methanogenesis by lowering the affinity for hydrogen, the apparent 
K,(H2) gradually decreased from 16% to 4-6% in going from exponential- to stationairy 
phase Parallel with this decrease the MCR II and H2-MDH levels declined Under 
conditions which favoured MCR II expression (abundant hydrogen supply), the increase in 
MCR II levels was not accompanied by a increase of H2-MDH Under conditions that 
were characterized by high MCR I expression and low MCR II levels (growth-limiting 
hydrogen supply), the increase in MCR I was corroborated by an increase in FRH levels 
towards the stationairy phase, These data suggested that, although regulation of the 
expression of the methanogenic enzymes appears to be under the control hydrogen 
availability, the sets of enzymes are not co-transcribed 
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Methaanbacteriën vormen een groep van strikt anaerobe micro-organismen, die hun 
energie voor hun groei verkrijgen uit de omzetting van een beperkt aantal eenvoudige 
koolstof verbindingen, als C02 , methanol, methylamines, acetaat en pyruvaat, tot methaan. 
Hoofdstuk 1 van dit proefschrift beschrijft summier de rol die deze organismen vervullen 
in hun natuurlijke milieu, alsmede hun taxonomische positie. In dit zelfde hoofdstuk wordt 
verder uitgebreid ingegaan op de biochemie van de methaanvorming uit C0 2 en H2 in 
Methanobacterium thermoautotrophicum. Hierbij wordt speciale aandacht geschonken aan 
het voorkomen van iso-enzymen en functioneel equivalente enzymen, die eenzelfde stap in 
de methanogenese katalyseren en de groeifase afhankelijke expressie van deze enzymen. 
Daarnaast wordt er een overzicht gegeven van de rol die coenzyme F420 speelt in het 
metabolisme van methaanbacteriën, waarbij extra aandacht wordt geschonken aan de 
enzymatische, reversibele omzetting van coenzyme F420 in factor F190. Factor F190 bleek te 
worden gesynthetiseerd uit coenzyme F420 door M thermoautotrophicum op het moment 
dat dit organisme werd blootgesteld aan zuurstof. Na instelling van anaërobe condities 
bleek dat coenzyme F420 werd terug gevormd werd uit factor F190. 
Om meer inzicht te krijgen in de rol die factor F190 speelt hebben we eerst het 
factor F390 synthetase uit M thermoautotrophicum stam ΔΗ gezuiverd en een aantal 
eigenschappen van het enzyme bepaald (Hoofdstuk 2). Factor F 1 9 0 synthetase katalyseert de 
ATP afhankelijke omzetting van coenzym F 4 2 0 naar factor F 1 9 0 en pyrofosfaat. Het 
synthetase werd een factor 150 gezuiverd tot een specifieke activiteit van 0.45 μ mol · 
min"' · mg'1. Het enzym bestond uit een enkele polypeptide van ongeveer 51 kDa. Het 
gezuiverde enzym vertoonde de neiging te aggregeren in di- en tetrameren in een 
geconcentreerde oplossing. GTP afhankelijke F 1 9 0 synthetase activiteit co-elueerde tijdens 
iedere zuiverings stap met de ATP afhankelijke activiteit. Dit suggereerde dat het 
synthetase in staat is zowel GTP als ATP als substraat voor de reactie te gebruiken. 
Analyse van de reactie kinetiek liet zien dat de factor F 1 9 0 synthese reactie verloopt 
volgens het temair complex mechanisme met K
m
 waarden van 39 μ mol en 17 mM voor 
respectievelijk coenzyme F 4 2 0 en ATP. 
In tegenstelling tot het enzym in celvnj extract, bleek het gezuiverde enzym ook 
actief onder anaërobe condities. Eveneens bleek dat het enzym niet geactiveerd behoefde 
te worden door het bloot te stellen aan zuurstof,. Daarentegen bleek gereduceerd coenzym 
F420 een sterke competatieve inhibitor te zijn van de synthetase reactie (K, = 3 μΜ). Deze 
laatste ontdekking verklaart gelijk waarom het synthetase alleen in aerobe celvnj extract 
kon worden aangetoond; behandeling met zuurstof heeft tot gevolg dat gereduceerd 
coenzyme F 4 2 0 geoxideerd wordt. 
Om meer inzicht te krijgen in de moleculaire biologie van het factor F 3 9 0 
metabolisme werd eveneens het factor F 1 9 0 synthetase uit M. thermoautotrophicum stam 
Marburg gezuiverd en het gen dat codeert voor dit enzym, ftsA, opgepikt en de DNA 
sequentie bepaald (Hoofdstuk 3). Het enzym werd een factor 89 gezuiverd uit celvrij 
extract tot een specifieke waarde van 0.75 μπιοί min ' mg"1 als een monomeer van 41 
kDa. Het ftsA gen codeerde voor een enzym van 377 aminozuren met een voorspeld 
molecuulgewicht van 43280 Da. FtsA vertoonde grote overeenkomsten met actieve 
domeinen van enzymen die behoren tot de superfamilie van peptide synthetases and 
adenylaat vormende enzymen. De grootste overeenkomsten werden gevonden met het 
gramicidine S synthetase (67 % homoloog over een stretch van 227 aminozuren) en het δ-
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(L-a-aminoadipyl)-L-cysteine-D-valine (ACV) synthetase (57 % homoloog over een 
stretch van 193 aminozuren) Desalniettemin neemt factor F190 synthetase een unieke plaats 
in binnen de superfamilie van adenylaat vormende enzymen door het feit dat het enzym 
niet de carboxyl groep van een amino- of hydroxyzuur activeert maar een aromatische 
hydroxy 1 groep van het coenzym F420 
Karaktensatie van het gezuiverde factor F190 synthetase had aan getoond dat de 
snelheid van de biosynthetische reactie afhankelijk is van de waterstof beschikbaarheid Op 
basis van deze gegevens werd gesuggereerd dat factor F3Q0 synthetase een rol zou kunnen 
spelen in een sensor mechanisme dat de reductie/oxydatie staat van de cel meet en factor 
F390 zou kunnen fungeren als signaal compound Om deze theorie te kunnen verifiëren en 
een beter beeld te krijgen omtrent de fysiologische rol van factor F390 werd het factor F390 
hydrolase uit M thermoautotrophicum stam Marburg gezuiverd en een aantal 
eigenschappen van het enzym bepaald (Hoofdstuk 4) Het hydrolase werd een factor 355 
gezuiverd tot een specifieke activiteit van 12 1 μπιοί min ' mg ' Het enzym bestond uit 
een enkel polypeptide van 27 kDa met een K
m
 van 40 μ M voor factor F 3 9 0 Het enzym 
was alleen actief in aanwezigheid van een sterke reductor zoals dithiothreitol De activiteit 
van het enzym kon worden gemanipuleerd door verschillende ratio's gereduceerd en 
geoxideerd dithiothreitol aan de reactie toe te voegen Activering van het enzym gebeurd 
volgens een 2-elektron reductie Dit suggereert dat er een S-S brug betrokken is bij de 
activatie/inactivatie van het enzym Dithiothreitol kon worden vervangen door een C, 
carrier van de methanogenese, 2-mercaptoethanesulfonate (H-S-CoM), maar niet door Ν-Ί-
mercaptoheptanoyl-L-threonine fosfaat (H-S-HTP) of andere natuurlijk voorkomende thiol 
bevattende stoffen Het stimulerende effect van H-S-CoM kon teniet worden gedaan door 
toevoegen van het heterodisulfide van H-S-CoM en H-S-HTP (CoM-S-S-HTP) De data 
verkregen in de Hoofdstukken 2 en 4 suggereren dat M thermoautotrophicum en andere 
methanogenen waarin factor F 3 9 0 synthese is aangetoond een geraffineerd systeem bezitten 
dat deze organismen in staat stelt de waterstof concentratie en de reductie/oxydatie staat 
van de omgeving te meten Factor F 3 9 0 aanwezig in de cel in relatie tot deze beide 
variabelen zou op zijn beurt weer kunnen fungeren als reporter van waterstof en/of 
oxydatieve stress 
Om deze hypothese te testen is M thermoautotrophicum stam ΔΗ gekweekt in 
zowel een fed-batch als een chemostaat onder een aantal verschillende 80 H2%/20% C 0 2 
begassings condities Gedurende de groei of na het instellen van steady state condities 
werden monsters genomen Vervolgens werden de cel lulaire 5,10-
methenyltetrahydomethanoptenne, coenzyme F 4 2 0, F0, een ongeladen coenzyme F420 
derivaat en F 3 9 0 concentraties bepaald (Hoofdstuk 5) Hoewel er significante groeifase 
afhankelijk verschillen werden gemeten voor alle stoffen die geanalyseerd werden, bleek 
dat met name factor F 3 9 0 ophoopte in relatie tot de begassings condities De resultaten 
beschreven in dit hoofdstukken worden bediscusseerd in relatie tot de biochemische 
reacties die ten grondslag liggen van factor F 3 9 0 synthese en hydrolyse en in relatie tot de 
mogelijk rol die factor F 3 9 0 speelt als respons regulator in het metabolisme van 
methanogenen 
M thermoautotrophicum stram ΔΗ bezit voor een aantal reacties van de 
methanogenese van C 0 2 en H2 iso-enzymen of functioneel equivalente enzymen 
Afhankelijk van de groeifase waann de cellen zich bevinden wordt verschillende sets van 
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deze enzymen tot expressie gebracht terwijl de andere set gerepresseerd wordt Om nu uit 
te zoeken of deze enzymen gecoördineerd tot expressie worden gebracht in relatie tot de 
H2 beschikbaarheid voor de cellen werd M thermoautotrophwum gekweekt in een fed-
batch fermentor (Hoofdstuk 6) en in een chemostaat (Hoofdstuk 7) onder verschillende 
condities 
Van de cellen die in de fed-batch fermentor gekweekt werden, werden gedurende 
de groeicyclus op geregelde tijden monsters genomen De specifieke methaan produktie 
snelheden werden bepaald van de cellen evenals de methyl-coenzym M reductase (MCR) 
niveaus Daarnaast werden de specifieke activiteiten bepaald van coenzym F420 afhankelijk 
hydrogenase (FRH), benzyl viologeen hydrogenase (BVH), coenzym F420 afhankelijk 
methylenetetrahydromethanopterine dehydrogenase (F420-MDH) en H2 afhankelijk 
methylenetetrahydromethanopterine dehydrogenase (H2-MDH) Onder standaard groei 
condities bleek dat de cellen in staat waren een methaan produktie snelheid te in stand te 
houden door de affiniteit voor H2 te verlagen De KS(H2) daalde geleidelijk van 16% in de 
exponentiele groeifase naar 4% in de stationaire groeifase Parallel aan deze afname werd 
ook een afname geconstateerd voor MCR II and H2-MDH Daar tegenover stond dat 
condities die een verhoogde MCR II expressie heten zien (overvloedige H2 toevoer) niet 
vergezeld werd door een verhoogde H2-MDH De condities waarbij MCR I verhoogd tot 
expressie werd gebracht, terwijl de MCR II niveaus laag bleven (groei limiterende H2 
toevoer), werd de toename in MCR I vergezeld door een toename van de FRH activiteit 
tegen hel eind van de groeicyclus Deze gegevens suggereren dat, hoewel de expressie van 
deze methanogene enzymen gereguleerd wordt door de H2 beschikbaarheid voor de cellen, 
er geen co-transcriptie plaats vindt van de diverse sets van eiwitten 
De cellen die gekweekt werden in de chemostaat werden geoogst in het instellen 
van steady state condities In eerste instantie werden weer de methaan produktie snelheden 
bepaald Het bleek dat cellen die gekweekt waren onder H2 limiterende condities een 
hogere maximale methaan produktie snelheden en een wat lagere affiniteit voor H2 
Vervolgens werden de MCR iso-enzym niveaus bepaald evenals de specifieke activiteiten 
van F420-MDH, H2-MDH, FRH, BVH, factor F w synthetase en factor F190 hydrolase MCR 
II en H2-MDH werden vooral tot expressie gebracht tijdens overvloedige H2 toevoer en 
werden met toenemende H2 limitatie geleidelijk vervangen door MCR I en F420-MDH op 
een manier die een gecoördineerde regulatie van deze vier enzymen suggereert De FRH 
activiteit nam ongeveer een factor 5 toe met een 4 voudige afname van de gastoevoer 
snelheid, terwijl de totale hydrogenase activiteit (BVH) minder dramatisch toenam (1,5 
maal) Factor F390 synthetase en -hydrolase activiteiten vertoonde geen variaties onder de 
aangelegde groeicondities, behalve dan gedurende ijzer limitane Dit resulteerde in een 10 
tot 25 voudige toename activiteit 
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